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a` mon Jury. Je suis ravie d’avoir pu rassembler des colle`gues, maitres ou re´fe´rents, que
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je ne serai pas trop formelle, car bien que cet exercice soit formel, j’ai aussi souhaite´ en faire
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a` tous ceux qui m’ont accompagne´ dans cette aventure, pas vraiment calcule´e.
Ils m’auront permis de cre´er autour d’intuitions, tre`s conteste´es il y a 10 ans, une strate´gie
de recherche qui a fait du CMA un laboratoire dont les pre´occupations sont au coeur des
enjeux contemporains. Il fallait y croire, et ils y ont cru . . .
Pre´ambule
Ce manuscrit est divise´ en deux parties.
La premie`re partie est consacre´e a` mon parcours acade´mique.
J’y pre´sente un curriculum vitae de´taille´, qui de´crit mes activite´s de recherche, d’enseigne-
ment et d’encadrement de fac¸on synthe´tique.
Je de´taille alors, en deux rubriques distinctes, certains e´le´ments marquants relatifs aux
– activite´s de responsabilite´ collective et d’animation scientiﬁque
– et activite´s pe´dagogiques
que j’ai exerce´es.
Enﬁn je propose une liste exhaustive de mes publications, communications, confe´rences, . . .
Dans la seconde partie, je propose une de´clinaison de mes activite´s de recherche a` la lumie`re
du paradigme optimal, pour remonter de mes travaux de the`se a` des re´alisations tre`s re´centes.
J’envisagerai enﬁn un prolongement pour cette trajectoire scientiﬁque.
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Controˆle et Optimisation. Recherche Ope´rationnelle. Mode´lisation pour l’Economie,
l’Energie, l’Environnement. Mode´lisation Prospective pour le long terme.
Parmi les projets de recherche initie´s :
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l’e´tude des couˆts marginaux de la coge´ne´ration ; impact de la volatilite´ des ressources
fossiles sur les investissements de long terme. Projet Carnot MINES (depuis 2008)
Evaluation du Prix du CO2 pour les producteurs d’e´lectricite´ : approches croise´es ba-
se´es sur le prix d’indiﬀe´rence (optimisation dynamique stochastique), la the´orie des
jeux, le couˆt marginal : collaboration Inria/TOSCA, ADEME (depuis 2008).
6 Me´moire de HDR - N. Ma¨ızi (MINES ParisTech)
20 juillet 2012
Inte´gration d’une approche variationnelle de l’e´lectromagne´tisme pour la repre´senta-
tion des contraintes dynamiques de ﬁabilite´ du re´seau e´lectrique dans les mode`les de
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Programme de recherche de la Chaire ParisTech Mode´lisation Prospective au service du
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– de´ploiement d’un mode`le optimal de´die´ a` l’eau et a` l’e´nergie
– de´clinaison optimale des engagements internationaux sur le climat : plausibilite´ tech-
nique et soutenabilite´
– croissance verte, croissance soutenable ou de´croissance : vision prospective long terme
Conseil d’Analyse Strate´gique (services du Premier Ministre) : en charge de la mode´-
lisation MARKAL-Times France a` l’horizon 2050 dans le cadre du groupe sce´narios
e´nerge´tiques de la Commission e´nergie (2007-2008), de la Commission Energie 2050
(2011-2012).
Poˆle MER-PACA a` vocation mondiale : montage du projet SECMAR (se´curisation des
zones maritimes) coordonne´ par Thales Underwater Systems (2006-2010).
Responsable du projet de recherche HYBRISIM (HYBRId SIMulation) labellise´ dans
le cadre du PREDIT 2002-2005 en partenariat avec Renault et le Colle`ge de France
(LPPA) : commande et perception de conduite.
Responsable du projet de recherche EPEE (Enjeux environnementaux et planiﬁcation
e´nerge´tique europe´enne) re´alise´ dans le cadre du Conseil Franc¸ais de l’Energie (2001-
2005).
Bourses de l’e´lectricite´ : responsable de la collaboration avec l’Inria sur le proble`me de
la mode´lisation des prix. (2002-2004)
Evaluation scientifique
– Membre du Comite´ consultatif du Commissariat Ge´ne´ral a` l’Investissement pour le Comite´
the´matique du Programme d’Investissement d’Avenir, Economie circulaire et e´nergies de´-
carbone´es, pre´side´ par Thierry Chambolle, depuis 2010.
– Expert mandate´ aupre´s de la Direction Exe´cutive Strate´gie, Recherche et International
pour e´laborer la feuille de route strate´gique sur les re´seaux e´lectriques intelligents de
l’ADEME.
– Expert e´valuateur pour l’Agence Nationale de la Recherche (ANR) (depuis 2007).
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– Expert e´valuateur pour la Commission Europe´enne (Cooperation Programme of the 7th
Research Framework Programme) 2011 et 2012.
– Expert e´valuateur pour l’Appel a` Projets Recherche 2012 du Conseil re´gional d’Aquitaine
2012.
– Expert e´valuateur pour le Comite´ ECOS-Nord (Evaluation-orientation de la COope´ration
Scientiﬁque) 2011.
– Expert e´valuateur pour le NSERC (Natural Sciences and Engineering Research Council of
Canada), 2010.
– Referee d’articles : confe´rences IEEE (Control Conference and Application, IPEC) ; Jour-
nal (Journal of Scientiﬁc Computing, Energy Policy Journal, Energy Economics), IFAC et
IEEE Conferences.
Comite´s et Programmation scientifique :
– Membre du Comite´ scientiﬁque de EngOpt (International Engineering Optimization Confe-
rence) depuis 2009.
– Membre du Comite´ de Programme pour la Confe´rence EURO (European Research Ope-
rational Conference) : Chair du Stream ”Long term planning for energy, climate and en-
vironment” depuis 2010.
– Membre du Comite´ scientiﬁque de la Chaire ParisTech Mode´lisation Prospective.
– Coordination scientiﬁque du Campus Sophia Tech de l’Universite´ de Nice Sophia-Antipolis :
responsable de l’axe Mode´lisation, simulation et technologies pour l’Environnement, les
Risques et le De´veloppement Durable depuis 2011.
– Chair et organisateur du Mini symposium ”Optimization in Electrical Engineering” Inter-
national Engineering Optimization Conference, Sept 2010 (3 sessions) :
1. variational approaches of electromagnetism, especially to provide a relevant decom-
position of the losses to cut, and eﬃcient numerical methods ;
2. device optimization, either for power conversion (motors, alternators, transformers
. . . ) or couplings (busways) ; system optimization, regarding to power management
issues (reliability, mix-arbitration, competition between sectors . . . ) ;
3. long term planning, including sustainability challenges, CO2 curtailment, reduction
in fossil fuel use, policy changes for large scale adoption.
– Chair pour la Confe´rence EURO (European Research Operational Conference) du Stream
”Long term planning for energy, climate and environment” : July 2010, 4 sessions - Mathe-
matical models for energy and environment ; Meeting the targets : policy and measures ;
Energy and technological system issues ; Long term planning for agriculture and forestry
- ; July 2012, 3 sessions - Pathways toward low carbon transport ; Post Fukushima ; Smart
cities and Smart grids. -
– Manifestations de la Chaire ParisTech Mode´lisation Prospective
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– Journe´es Internationales de la Chaire Mode´lisation prospective : Le roˆle du nucle´aire
apre`s les e´ve´nements de Fukushima,15 et 16 mars 2012 - MINES ParisTech, Sophia
Antipolis.
– Colloque Chaire ParisTech/ Maste`re OSE/Universite´ de Corte : Les externalite´s de
l’e´nergie ; Mai 2010 Ajaccio.
– Programme scientiﬁque de la Journe´e annuelle de la Chaire : 20 novembre 2009 - 17
novembre 2010 - 11 octobre 2011 - 3 Octobre 2012.
– Colloque International inaugural de la Chaire en partenariat avec l’ETSAP (Energy
Technology Systems Analysis Programme) a` Sophia Antipolis le 16 de´cembre 2008.
– Side event ParisTech dans le cadre de l’UNFCCC (United nations Framework Convention
on Climate Change Conference) :
“Beyond the ﬁnancial crisis : Regional energy policy and global carbon constraints”COP15
Copenhague, 12 De´cembre 2010 ; ”Long-term prospective of business contribution to low-
carbon development” COP17 UNFCCC Copenhague, 6 De´cembre 2012.
– Editeur associe´ pour la confe´rence IEEE Control Confe´rence and Application, CCA, ISIC
and CACSD 2006, October 4-6, 2006, Munich, Germany.
– Membre du comite´ scientiﬁque du colloque en l’honneur du 60e`me anniversaire de Pierre
Bernhard (29 et 30 Mars 2005, Inria Sophia-Antipolis).
– Membre fondateur et membre du conseil d’administration de l’association eden, pour une
conscience e´nerge´tique europe´enne (2004-2007) ;
– Membre du groupe de travail sur les Technologies de l’Information et de la Communication
e´ l’EMP (2001).
– Membre de la commission pour la cre´ation de l’Ecole Polytechnique Universitaire de l’Uni-
versite´ de Nice Sophia-Antipolis, 2000.
– Membre du comite´ d’organisation du colloque “Computational Kinematics” 4-6 Sept 95 a`
Sophia Antipolis.
– Co-organisation du colloque Franco-Canadien de “Robotique d’Intervention” 2-5 Mai 95 a`
Sophia-Antipolis.
Principales Activite´s d’Enseignement :
Responsable du module Optimisation (150h) du Maste`re OSE : en charge des en-
seignements de Programmation mathe´matique, Recherche ope´rationnelle, Optimisation
des syste`mes e´nerge´tiques 50h (depuis 2000).
Responsable de l’Enseignement spe´cialise´ de 3e`me anne´e de l’Ecole des Mines de
Paris, Mode´lisation Prospective : principes et usages des mode`les mathe´matiques pour
l’e´valuation des politiques de lutte contre le changement climatique 15h.
Co-responsable du module de 3e`me anne´e de l’Ecole des Mines de Nancy : Analyse
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compare´e des filie`res e´nerge´tiques. Strate´gies e´nerge´tiques en charge de 6h d’enseigne-
ment.
Mode´lisation prospective pour les enjeux de long terme, Master Economie du De´ve-
loppement Durable, de l’Environnement et de l’Energie (EDDEE) (depuis 2011 (6h)),
Ecole des Mines de Nancy (depuis 2008 (3h)), Magiste`re Sonatrach/Sonelgaz (Alger)
2008, Ecole Centrale Lille 2007.
Commande et The´orie des Syste`mes (Ecole des Ponts et Chausse´es, EMP, ISIA et
E´cole Supe´rieure des Sciences informatiques (ESSI) et Ecole des Mines de Saint Etienne
(entre 1994 et 2003)).
Mathe´matiques Applique´es a` l’e´tude des syste`mes e´cologiques (Ecole d’e´te´ du CNRS
a` Villefranche sur mer).
Conception et encadrement de projets de Controˆle et d’Optimisation a` l’aide de logi-
ciels scientiﬁques : matlab/simulink, modeleur Ampl.
Autres Responsabilite´s administratives :
Membre supple´ant de la commission consultative paritaire de l’Ecole des Mines de Paris
depuis 2000.
Membre e´lue au comite´ pe´dagogique et comite´ d’enseignement de l’Ecole des Mines de Paris
(1998-2001).
10 Me´moire de HDR - N. Ma¨ızi (MINES ParisTech)
20 juillet 2012
De´tail des activite´s de responsabilite´
collective et d’animation scientifique
Direction du CMA depuis Juin 2000
A mon arrive´e a` la direction du Centre de Mathe´matiques Applique´es en Juin 2000, le
Centre connaissait de grands bouleversements : une partie de l’e´quipe ayant participe´ au
de´veloppement du langage Esterel quittait le laboratoire aﬁn de re´aliser une industrialisation
des re´alisations du projet de recherche. Il s’agissait donc a` la fois de rede´ﬁnir l’organisation
interne du CMA et de dessiner ses nouvelles orientations scientiﬁques.
J’ai propose´ un nouveau fonctionnement du Centre base´ sur une plus grande synergie entre les
chercheurs du laboratoire graˆce a` une articulation autour de l’Optimisation. Il s’agissait alors
d’e´laborer une re´orientation des activite´s de recherche du laboratoire (en partie de´veloppe´
dans la partie II). J’ai fe´de´re´ les the`mes scientiﬁques informatique temps re´el, optimisation et
automatique autour d’applications privile´gie´es issues des domaines de l’e´nergie, de l’espace,
de l’automobile.
Les conse´quences de ce rede´ploiement des activite´s du centre ont e´te´ multiples : elles se sont
concre´tise´e par des projets de recherche, des contrats industriels, - l’activite´ de recherche
partenariale annuelle du CMA a e´te´ re´e´quilibre´e et a progresse´ de 600 - 650 Keuros annuels
a` partir de 2002 pour atteindre 1 MEuros annuels en 2012 - la cre´ation de programmes
d’enseignements et des collaborations avec d’autres e´quipes de recherche. En particulier,
cette fe´de´ration the´matique s’est traduite par le renouvellement de l’intitule´ de la formation
doctorale anime´e par le CMA, de´sormais ”Controˆle, Optimisation et Prospective” (depuis
2009).
Quelques re´alisations initie´es pour exemple, ont e´te´ :
1. Une de´clinaison des mathe´matiques aux questions d’e´nergie, d’e´conomie,
d’environnement.
J’ai initie´ au CMA le projet de recherche de´die´ a` la Mode´lisation pour l’Energie, l’Envi-
ronnement, l’Economie dont l’objet est de de´gager une expertise originale pour aborder
les mutations du monde de l’e´nergie. Ce projet regroupant des compe´tences en mode´li-
sation, the´orie des syste`mes, recherche ope´rationnelle, mathe´matiques du controˆle et de
la de´cision, informatique du temps re´el a permis de nouer des partenariats de recherche
avec :
– le CREDEN (Centre de Recherche en Economie de l’Energie de la Faculte´ de Sciences
Economiques de Montpellier I), le CIRED (Centre International de Recherche sur
l’Environnement et le De´veloppement).
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– l’institut INRIA (Institut National de Recherche en Informatique et en Automatique)
– la Katholieke Universiteit Leuven (KUL) dans le cadre d’un projet inte´gre´ europe´en
NEEDS (New Energy Externalities Development for Sustainability, FP6).
– EDF (plusieurs the`ses ont e´te´ mene´es en collaboration)
– Schneider Electric (plusieurs the`ses ont e´te´ mene´es en collaboration)
– Conseil Franc¸ais de l’Energie (une the`se)
– IFP (Institut Franc¸ais du Pe´trole) (projet dans le cadre de la fondation Tuck)
Au dela` ce projet a conduit a` la cre´ation des deux programmes phare du Centre de
Mathe´matiques Applique´es : la Chaire ParisTech et le maste`re spe´cialise´ sur lesquels
nous reviendrons.
2. Projet spatial
Les partenariats de recherche concernent des approches issues de la synthe`se robuste
multi-crite`res de correcteurs, et diﬀe´rentes strate´gies de commande (par magne´tocou-
pleurs, par pousse´es e´lectriques et chimiques) pour le maintien a` poste ou la stabilisa-
tion de l’attitude de satellites. Sont e´galement aborde´es des techniques d’optimisation
pour e´tablir des strate´gies avec assistances gravitationnelles pour des missions inter-
plane´taires. Les partenariats mis en place depuis mon arrive´e au CMA concernent :
– l’ESA (Agence Spatiale Europe´enne) et le DLR (Deutschen Zentrum fu¨r Luft- und
Raumfahrt) (the`se Joris Olympio 2008)
– la Technical University of Eindhoven et l’ESA (cadre d’une e´tude sur ve´hicule thermo-
solaire muni de grands appendices gonﬂables)
– le Politecnico de Milan/ Alcatel Space Industries (the`se Damiana Losa)
– CNES (Centre national d’Etudes Spatiales)/Alcatel Space Industries (the`se de Chris-
tian Fisher soutenue en Juillet 2011)
3. Commande et perception de la simulation de conduite
Les partenariats de recherche de´crits en de´tail dans la partie II ont englobe´ essentielle-
ment deux the`ses (Mehmet Dagdelen en 2005 et Hatem Elloumi en 2009) dans le cadre
de collaborations que j’ai mises en place avec :
– le METL (Ministe`re des transports) via un programme PREDIT, le projet HYBRI-
SIM
– le Colle`ge de France (Laboratoire de Physiologie de la Perception et de l’Action )
– Renault, Centre Technique de Simulation, Direction des Recherches
4. Mise en place d’une chaire ParisTech
J’ai e´te´ a` l’initiative de la cre´ation d’une chaire industrielle sur le the`me de la mode´li-
sation (e´conomique et technologique) long terme sur les enjeux e´nergie/climat. Cette
chaire intitule´e Mode´lisation prospective au service du de´veloppement durable a e´te´
initie´e en 2008 (cf www.modelisation-prospective.org)
La mise en place cette structure a ne´cessite´ les re´alisations suivantes :
– De´ﬁnition du programme scientiﬁque (cf partie II).
– La mise en place du partenariat acade´mique (CIRED (ENPC et AgroParisTech),
ParisTech et MINES ParisTech).
– La mise en place du parrainage industriel (Renault, TOTAL, SCHNEIDER Electric,
EDF) et institutionnel (ADEME), chaque parrain contribuant a` hauteur de 100
kEuros/an sur 5 ans.
– L’e´laboration de la convention (11 partenaires signataires).
– L’animation pluriannuelle (cf partie II).
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De´tail des activite´s pe´dagogiques
Les grands projets pe´dagogiques
Le maste`re spe´cialise´ OSE
J’ai e´te´ co-fondatrice et responsable pour le CMA du groupe inter-centre OSE (commun au
CMA et au Centre E´nerge´tique de MINES ParisTech et initie´ en Mars 1998) ; l’initiative
OSE pour Optimisation des syste`mes e´nerge´tiques, et les re´ﬂexions mene´es en son sein ont
e´te´ a` l’origine de la cre´ation du maste`re Optimisation des Syste`mes Energe´tiques dont le
succe`s a e´te´ feˆte´ lors de son dixie`me anniversaire a` Ajaccio en Corse en 2011 au cours d’un
Colloque de´die´ aux ”Externalite´ de l’Energie”.
A l’initiative de la cre´ation du maste`re spe´cialise´ en Janvier 1999, j’ai mis en place avec mes
colle`gues enseignants les e´le´ments ne´cessaires a` la constitution du projet :
Re´alisation du projet pe´dagogique, e´tude de marche´, constitution d’un re´seau de partenaires :
d’une part, un partenariat acade´mique avec l’EDHEC Nice (Ecole de Hautes Etudes Com-
merciales poˆle nic¸ois) et le CREDEN de la Faculte´ de Montpellier I (Centre de recherche
en e´conomie et droit de l’e´nergie) ; d’autre part la mise en place d’un re´seau de partenaires
industriels (Air Liquide, Renault, EDF, Gaz de France, Schneider Electric, AREVA, Ae´ro-
ports de Paris, SOREGIES, Arcelor, . . . ). L’animation annuelle du maste`re, qui en est a` sa
douzie`me promotion, consiste en ce qui suit :
– Animation des comite´s de pilotage annuels.
– Participation aux jurys de recrutement : se´lection de 16 a` 20 e´le`ves parmi 200 dossiers rec¸us
pour constituer des promotions avec un groupe issu principalement d’Ecoles d’inge´nieur
(Polytechnique, Normale Sup, Ecole des Mines (Saint Etienne, Nantes, Nancy, Douai),
ESPCI, INPG, Supelec, ECAM, INSA) et parfois d’Ecoles de Commerce (ESCP, HEC).)
– Suivi pe´dagogique de la promotion en cours a` travers
– le suivi du projet de promotion : suivant les anne´es, un colloque, un salon spe´cialise´, une
table ronde et la production d’un livre sur un sujet d’e´tude commun a` la promotion
– du voyages d’e´tudes : une semaine de visites d’industriels (8j) : Italie (2002), Norve`ge
(2003), Bre´sil (2004), Chine (2005), Inde (2006), Japon (2007), Cara¨ıbes (2008), Chili
(2009), Afrique du Sud (2010), Nicaragua (2011), Etats-Unis (2012).
– l’encadrement et le suivi ge´ne´ral de la scolarite´
– l’encadrement de missions professionnelles
– l’animation scientiﬁque du re´seau de partenaires industriels
– le montage de certaines missions industrielles (un CA annuel de 450 keuros (en moyenne))
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– la de´ﬁnition et l’organisation du module d’optimisation et d’aide a` la de´cision qui e´volue
chaque anne´e pour suivre les questions lie´es a` l’actualite´ de l’e´nergie.
L’ISIA (1993-2000) en tant que Responsable des e´tudes puis Direc-
trice adjointe de 1997 a` 2000
Avant ma nomination a` la direction du CMA, j’ai e´te´ Directrice adjointe de l’Institut Supe´-
rieur en Informatique et en Automatique (ISIA), tout en eﬀectuant un mi-temps recherche
au CMA. L’ISIA e´tait un institut de´die´ a` la formation, je rappelle ici ce qu’e´taient mes
principales attributions.
– Responsable des e´tudes Dans le cadre de ma mission de Responsable des e´tudes de l’ISIA
j’ai coordonne´ et enseigne´ dans un parcours pe´dagogique qui se de´clinait en
– 1000 h de cours d’Informatique et d’Automatique organise´es pour un cursus de deux
ans de formation spe´cialise´e en Informatique industrielle
Structuration de l’enseignement de l’Automatique par une approche oriente´e vers les
pre´occupations du monde industriel : automatique, commande non line´aire, auto-
matique avance´e, ﬁltrage et traitement du signal, commande line´aire quadratique
Re´orientation du cursus informatique en 1999 avec l’implication de chercheurs du CMA
notamment
– Suivi des enseignements, des charge´s de cours, des confe´renciers ; gestion de l’e´quipe
pe´dagogique.
– Animation des comite´s pe´dagogiques de l’ISIA, de l’e´volution du cursus
– Participation aux jurys de recrutement
– Responsable des relations internationales :
mise en place de partenariats europe´ens et nord-ame´ricain de l’ISIA (de Septembre 1993
a` Septembre 2000) :
– Constitution d’un re´seau de contacts et partenaires europe´ens dans diﬀe´rentes Ecoles et
Universite´s Europe´enne du re´seau Cesaer en vu
– d’accueillir des e´tudiants europe´ns au sein de la formation ISIA
– d’organiser les stages ISIA dans les pays europe´ens
– d’inviter des professeurs et des confe´renciers europe´ens a` intervenir a` l’ISIA
– Prospection de stages en Ame´rique du Nord et au Canada pour l’ISIA
– Etablissement d’une collaboration avec l’Ecole Polytechnique de Montreal : orga-
nisation d’un stage ISIA dans le cadre de la chaire NORANDA du laboratoire de
Robotique de P. Cohen (1996)
– De´marchage dans la Silicon Valley en Fe´vrier 2000 : montage de 3 stages (Monterey
design, Ensim)
– Organisation des voyages de promotion dans la Silicon Valley : visite de Stanford,
Berkeley EECS, Ensim, Synopsys, Cadence, Monterey design, Sprint labs, Apple, ....
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Mes enseignements
L’ensemble des enseignements auxquels je participe aujourd’hui sont principalement des en-
seignements que j’ai cre´e´s aﬁn de pallier au manque de proposition sur les disciplines a` la
charnie`re entre sciences fondamentales et sciences e´conomiques et sociales aﬁn de traiter des
grands enjeux lie´s au de´veloppement durable.
Ces enseignement ont un caracte`re original et s’appuient sur la synthe`se que j’ai pu re´aliser
au cours de ces dix dernie`res anne´es de ces diﬀe´rents domaines. Ils ont pour objectif d’ouvrir
les e´le`ves a` l’inte´reˆt de de´ployer des analyses base´es sur des approches mathe´matiques issues
de l’optimisation dans diﬀe´rents domaines essentiels tels l’e´nergie, les questions climatiques.
Pour exemple, voici le descriptif du premier enseignement de la liste exhaustive qui suit, que
j’ai cre´e´ en 2009 a` destination des e´le`ves de troisie`me anne´e de MINES ParisTech et que j’ai
de´cline´ dans diﬀe´rentes autes institutions depuis, sous forme plus concentre´e.
Mode´lisation Prospective : principes et usages des mode`les mathe´-
matiques pour l’e´valuation des politiques de lutte contre le chan-
gement climatique
Domaines : Mathe´matiques. Economie.
Pre´-requis : recherche ope´rationnelle et/ou optimisation
Objectifs du cours :
Sous l’aiguillon de la question climatique et de la globalisation e´conomique, la mode´-
lisation prospective, tradition - un temps oublie´e - liant prospective nume´rique, calcul
e´conomique, e´conomie publique et re´ﬂexion strate´gique, est aujourd’hui largement re´-
investie dans le cadre des ne´gociations internationales autour du dossier climatique.
L’objectif de cet enseignement est de pre´senter les outils de mode´lisation prospective,
ne´s dans les anne´es 60, du dialogue entre mathe´maticiens et e´conomistes, et reposant
sur un concept d’optimalite´. On reviendra sur l’histoire de la contribution des mo-
de`les de prospective long terme face au questionnement climatique. D’autre part, on
de´cryptera l’apport des mathe´matiques dans le cadre de la mode´lisation prospective
en de´clinant les mode`les dans leurs croisements disciplinaires : mathe´matique et e´co-
nomie. A travers des cas concrets, on illustrera pourquoi ces outils - mettant en jeu des
compe´tences en mathe´matiques applique´es et en sciences e´conomiques - sont devenus
le support incontournable et essentiel de la re´ﬂexion prospective pour l’e´valuation des
politiques de lutte contre le changement climatique.
Au dela`, cet enseignement a pour vocation
– d’aborder les mode`les mathe´matiques sous un autre angle en illustrant le roˆle de la
mode´lisation mathe´matique et de l’optimisation pour des questions “a priori” sans
mathe´matiques ;
– de pre´parer aux de´bats sur le changement climatique en donnant un e´clairage sur
des outils de mode´lisation disponibles ;
– de se confronter aux diﬃculte´s de la mode´lisation dans un cadre dynamique com-
plexe, celui du changement climatique, ou` le facteur humain est central.
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Programme :
1. Prospective et histoire des mode`les : La de´marche prospective, Prospective et
planiﬁcation strate´gique, Naissance d’une mode´lisation du long terme.
2. Les mode`les prospectifs : Le cadre the´orique de la mode´lisation, Les e´volutions
du besoin de mode´lisation, Classiﬁcation des mode`les.
3. Concept d’optimalite´ et Contributions de l’optimisation et du controˆle : Mode`le
DICE, croissance optimale et principe de Pontryaguine ; Mode`le TIMES, alloca-
tion d’activite´s et programmation line´aire.
4. Usage des mode`les prospectifs : Les exercices prospectifs relatifs au climat : po-
litiques, re´gulations taxes/quantite´s, Analyse de sensibilite´ (sce´narios, taux d’ac-
tualisation, donne´es exoge`nes).
5. Pratique d’un mode`le prospectif : Une question lie´e aux engagements internatio-
naux sera e´claire´e, par exemple choisie parmi l’une des suivantes : La France face
a` ses engagements de re´duction des e´missions : division par 4 a` l’horizon 2050 ou
re`gle des 3x20 a` l’horizon 2020 (20% de re´duction des e´missions de CO2, 20% de
re´duction de la consommation en e´nergie primaire, 20% d’e´nergies renouvelables
dans la consommation ﬁnale) ou encore l’impact du passage d’un objectf de 20%
a` 30% de re´duction des e´missions de gaz a` eﬀet de serre a` l’horizon 2020 pour
l’Europe suite aux ne´gociations de Copenhague.
Modalite´s d’e´valuation :
Un exercice de prospective sur une question a` de´ﬁnir avec les e´le`ves sera propose´ en
premie`re se´ance. Une restitution orale sera re´alise´e en dernie`re se´ance de l’exercice
devant un jury d’experts. Suivant leur qualite´, les travaux sont sujets a` publication.
Liste des enseignements
1. Responsable et charge´e de l’Enseignement spe´cialise´ de 3e`me anne´e de l’Ecole des Mines
de Paris, Mode´lisation Prospective : principes et usages des mode`les mathe´matiques
pour l’e´valuation des politiques de lutte contre le changement climatique 15h
2. Charge´e du cours de Programmation mathe´matique du maste`re spe´cialise´ OSE depuis
2000 : (50h)
3. Co-responsable du module de 3e`me anne´e de l’Ecole des Mines de Nancy : Analyse
compare´e des filie`res e´nerge´tiques. Strate´gies e´nerge´tiques : charge´e d’enseignement
(10h en 2e`me et 3e`me anne´e).
4. Charge´e de cours Mode´lisation prospective pour les enjeux de long terme, Master
Economie du De´veloppement Durable, de l’Environnement et de l’Energie (EDDEE)
(depuis 2011), Ecole des Mines de Nancy (depuis 2008), Magiste`re Sonatrach/Sonelgaz
(Alger) 2008, Ecole Centrale Lille 2007.
5. Charge´e de cours dans le cadre du MIG (module d’inte´gration ge´ne´raliste) Syste`mes
embarque´s de l’EMP (1e`re anne´e cycle inge´nieur) depuis 2003.
6. Charge´e du cours d’Automatique et syste`mes dynamiques line´aires (cycle spe´cialise´
ISIA) (1995-2000).
7. Charge´e de cours Applications de matlab pour l’automatique, l’identiﬁcation, la robo-
tique et l’optimisation (cycle spe´cialise´ ISIA et maste`re spe´cialise´ OSE) depuis 1999.
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8. Charge´e de cours dans le cadre de l’enseignement de l’Automatique a` l’ESSI (Ecole
Supe´rieure en Sciences Informatiques) et a` l’EMSE (Ecole Supe´rieure des Mines de
Saint Etienne) (2e`me anne´e cycle inge´nieur) (1995 a` 1999).
9. Charge´e de cours dans l’option Mathe´matiques Applique´es de l’ENPC (Ecole des Ponts
et Chausse´es)(2003/2004).
10. Charge´e de cours dans le cadre de l’enseignement spe´cialise´ de l’EMP : identiﬁcation
et re´gulation d’une boucle ﬂuide (2e`me/3e`me anne´e) (1996-2000).
11. Charge´e de travaux pratiques pour le cycle inge´nieur civil de l’EMP dans le cadre du
cours d’Automatique (1990-1993).
12. Formation de chercheurs et d’enseignants
– Ecole des Mines de Paris : Enseignement des logiciels scilab et matlab
– Ecole d’e´te´ du CNRS a` Villefranche sur mer : Mathe´matiques Applique´es a` l’e´tude
des syste`mes e´cologiques
– Mathe´matiques pour l’Industrie, IREM (Institut de Recherche sur l’Enseignement
des Mathe´matiques), Universite´ de Nice-Sophia Antipolis, Janvier 2005.
13. Conception et encadrement de projets d’e´le`ves
– optimisation des syste`mes (maste`re spe´cialise´ OSE) : gestion de la centrale e´nergie
d’une acierie via la re´solution d’un proble`me de programmation line´aire
– robotique (ISIA, MIG Syste`mes embarque´s)
– langage C++ (ISIA), ampl (maste`re spe´cialise´ OSE)
Encadrement d’e´tudiants
The`ses soutenues
1. Gondia Seck, The`se de doctorat MINES ParisTech, spe´cialite´ Economie et Finance
(2012). Co-directeur de the`se : G. Guerassimoﬀ.
2. Mathilde Drouineau, Mode´lisation prospective et analyse spatio-temporelle : inte´gra-
tion de la dynamique du re´seau e´lectrique, The`se de doctorat MINES ParisTech, spe´cia-
lite´ Controˆle Optimisation et Prospective, (2011). Co-directeur de the`se : V. Mazauric.
3. Christian Fisher, Controˆle multi-objectifs d’ordre re´duit, The`se de doctorat MINES
ParisTech, spe´cialite´ Controˆle Optimisation et Prospective, (2011). Co-directeur de
the`se : M. Bordier.
4. Jean-Michel Cayla, Les me´nages sous la contrainte carbone, The`se de doctorat MINES
ParisTech, spe´cialite´ Economie et Finance, (2011).
5. Ahce`ne Djemaa, The`se de doctorat MINES ParisTech, spe´cialite´ Economie et Finance
(2009). Co-directeur de the`se : G. Guerassimoﬀ.
6. Jan Neering, Optimisation du positionnement et Localisation de source acoustiques
passives, The`se de doctorat MINES ParisTech, spe´cialite´ Informatique Temps re´el,
Robotique et Automatique (2009).
7. Hatem Elloumi (Commande des plates formes avance´es de simulation de conduite),
The`se de doctorat EMP spe´cialite´ Informatique Temps re´el, Robotique et Automatique
(2006). Co-directeur de the`se : M. Bordier.
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8. Edi Assoumou (Markal, un mode`le de planiﬁcation e´nerge´tique dans le contexte fran-
c¸ais), The`se de doctorat EMP spe´cialite´ Economie et Finance, (2006).
9. Mehmet Dagdelen (Restitution du mouvement pour la plateforme de simulation de
conduite ULTIMATE) , The`se de doctorat ENSMP spe´cialite´ Informatique Temps
re´el, Robotique et Automatique (2005).
10. Christian Dumbs, (De´veloppement d’outils pour l’analyse des syste`mes photovolta¨ıques
diesel) The`se de doctorat ENSMP spe´cialite´ Energe´tique (1999).
The`ses en cours
1. Salma Zouaoui, The`se de doctorat MINES ParisTech spe´cialite´ Controˆle Optimisation
et Prospective. Co-directrice de the`se : V. Roy. Soutenance pre´vue le 23 Juillet 2012.
2. Aure´lie Dubreuil, The`se de doctorat MINES ParisTech spe´cialite´ Controˆle Optimisa-
tion et Prospective, en cours (initie´e en 2009). Co-directeur de the`se : E. Assoumou.
3. Ahmadou Thiam, The`se de doctorat MINES ParisTech spe´cialite´ Controˆle Optimisa-
tion et Prospective, en cours (initie´e en 2010). Co-directeur de the`se : M. Bordier.
4. Ste´phanie Bouckaert, The`se de doctorat MINES ParisTech spe´cialite´ Controˆle Optimi-
sation et Prospective, en cours (initie´e en 2010).
5. Franc¸ois Briens, The`se de doctorat MINES ParisTech spe´cialite´ Controˆle Optimisation
et Prospective, en cours (initie´e en 2011).
6. Paul Hugues, The`se de doctorat MINES ParisTech spe´cialite´ Controˆle Optimisation et
Prospective, en cours (initie´e en 2011). Co-directeur de the`se : E. Assoumou.
Autres encadrements
– Tutorat des Missions professionnelles des Ele`ves du maste`re OSE (3 a` 4 par an depuis
1999) des e´le`ves de l’ISIA (de 1995 a` 2001).
– Tuteur des stages de recherches de post doctorants et d’e´le`ves de masters, d’e´le`ves du cycle
inge´nieur civil de MINES ParisTech.
– Tuteur des e´le`ves du cycle inge´nieur civil pour l’Acte d’Entreprendre (AE) et animatrice
de GEO (groupe d’e´change et d’orientation pour l’AE).
– Tuteur de stages de Master 2 pour divers cycles : ESSI, Centrale Lyon, Sup’Aero, ENS-
Cachan.
Participation a` des jurys de the`se
En dehors des jury de MINES ParisTech depuis 2006 :
– Universite´ Joseph Fourier de Grenoble.
– Institut National Polytechnique de Grenoble.
– Ecole des Mines d’Albi.
– Universite´ Catholique de Louvain.
18 Me´moire de HDR - N. Ma¨ızi (MINES ParisTech)
20 juillet 2012
Liste des publications
De´poˆt de BREVET Proce´de´ d’estimation de la stabilite´ d’un syste`me e´lectrique.
De´pose´ le 2 de´cembre 2011 sous le nume´ro FR 11 61087.
Proprie´taires : ARMINES/Schneider electric.
Inventeurs : N. Ma¨ızi, M. Drouineau, V. Mazauric.
A. Ouvrages, Coordination d’ouvrages et Chapitres d’ouvrages
1. Smart grids : au-dela` du concept, comment rendre les re´seaux plus intelligents, Presses
de l’Ecole des Mines Ed., (2012), (ISBN : 978-2-911256-93-6).
2. Eau et Energie : des destins croise´s, Presses de l’Ecole des Mines Ed., (2010), (ISBN :
978-2-911256-41-7).
3. Carbone et Prospective, Presses de l’Ecole des Mines Ed., (2009), (ISBN : 978-2-911256-
11-0).
4. Iles et Energie, un paysage de contrastes, Presses de l’Ecole des Mines Ed., (2008),
(ISBN : 978-2-35671-011-6).
5. Electricity prices in a Game Theory Context, Bossy, M., Ma¨ızi, N., Olsder, G.J., Pour-
tallier, O., and Tanre´, Chapter 7 (pp. 135-159) in Dynamic Games, Theory and appli-
cation, Kluwer Academic, A. Haurie, G. Zaccour Ed, Springer (2005).
6. N. Ma¨ızi, A “relaxation” approach which allows Hankel approximation of some vi-
brating structures, Lecture Notes in Control and Information Sciences, Volume 185,
Springer-Verlag, Berlin, (1992).
B-1. Revues internationales avec comite´ de lecture
1. J.-M. Cayla, N. Ma¨ızi, Which households will have to pay to reduce CO2 emissions ? :
Integrating behavior and heterogeneity into the TIMES-households model, submitted
to Energy Policy. in revision.
2. S. Bouckaert, S. Selosse, A. Dubreuil, E. Assoumou, N. Ma¨ızi, Analyzing water supply
in future energy systems using the TIMES Integrated Assessment Model (TIAM-FR),
The Journal on Systemics, Cybernetics and Informatics (JSCI), Volume 10 - Number
1 - Year 2012.
3. A. Dubreuil, E. Assoumou, S. Bouckaert, S. Selosse, Nadia Ma¨ızi, Water modeling in
an energy optimization framework - The water-scarce middle east context, Applied
Energy 101, (2013), pp 268-279.
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4. J.-M. Cayla, N. Ma¨ızi, C. Marchand, ”The Role of Income in Energy Consumption
Behaviour : Evidence from French Households data”, Energy Policy, Volume 39, Issue
12, December 2011, Pages 7874-7883.
5. E. Assoumou, N. Ma¨ızi, ”Carbon value dynamics for France : A key driver to support
mitigation pledges at country scale”, Energy Policy, Volume 39, Issue 7, July 2011,
Pages 4325-4336.
6. M. Dagdelen, G. Reymond, A. Kemeny, M. Bordier and N. Ma¨ızi, “Model-based pre-
dictive motion cueing strategy for vehicle driving simulators”, Control Engineering
Practice, Volume 17, Issue 9, September 2009, Pages 995-1003.
7. N. Ma¨ızi and M. Bordier, ”Optimal operational loads for distributed cogeneration po-
wer plants”, Proceedings in Applied Mathematics and Mechanics, vol. 7, issue 1, 2007.
8. V. Mazauric and N. Ma¨ızi, ”A global approach of electromagnetism dedicated to fur-
ther long-term planning,” Proceedings in Applied Mathematics and Mechanics, vol. 7,
issue 1, 2007.
9. N. Ma¨ızi, L∞ approximation of a parabolic system regarded as a delay system, Systems
and Control Letters 6 (1994) 457-467.
B-2. Confe´rences internationales avec comite´ de lecture
1. Ste´phanie Bouckaert, Mathilde Drouineau, Vincent Mazauric, Edi Assoumou and Na-
dia Ma¨ızi , Smart Grids and Reliability of power supply : Demand response impact on
future power mixes, to be presented in IEEE PowerTech conference, Towards carbon
free society through smarter grids, Grenoble France, 16-20 June 2013.
2. V. Mazauric and N. Ma¨ızi, Optimatility principles for the sustainability of electrical
systems : a thermodynamic approach, International Conference on Applied Energy,
Suzhou, China, 5-8 July 2012.
3. A. Atayi, N. Ma¨ızi, S. Selosse, A 80% carbon-free Europe in 2050, what impacts on the
European electric generation technologies uses ?, International Conference on Carbon
Reduction Technologies (Care Tech), Polish Jurassic Highland, Poland, 19-22 Septem-
ber 2011.
4. M. Thiboust, N. Ma¨ızi, S. Selosse, V. Mazauric, Arbitrage between energy eﬃciency
and carbon management, International Conference on Carbon Reduction Technologies
(Care Tech), Polish Jurassic Highland, Poland, 19-22 September 2011.
5. S. Bouckaert, S. Selosse, A. Dubreuil, E. Assoumou, N. Ma¨ızi Towards A Shared Op-
timum For Water And Energy Resources : A Focus On The Middle East Using The
TIAM-FR Model, IEW Stanford, July 2011.
6. N. Ma¨ızi, M. Drouineau, E. Assoumou, V. Mazauric, A TIMES Model Of The Reunion
Island For Analysing The Reliability Of Electricity Supply, IEW Stanford, July 2011.
7. S. Selosse, E. Assoumou, N. Ma¨ızi, Climate Scenarios For Developing And Developed
Countries : A Prospective Analysis With TIAM-FR, IEW Stanford, July 2011.
8. N. Forsell, S. Selosse, N. Ma¨ızi, Insights on the Chinese climate agenda : technical
challenges, IEW Stanford, July 2011.
9. A. Dubreuil, S. Bouckaert, S. Selosse, N. Ma¨ızi, ”Water-Energy Capital : sustainabi-
lity implications through the implementation of water allocation in TIAM-FR energy
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model”, 6th Dubrovnik Conference on Sustainable Development of Energy, Water and
Environment Systems, UNESCO, Dubrovnik, Croatia, September 25-29, 2011.
10. S. Selosse, E. Assoumou, N. Ma¨ızi, ”Developed and developing countries perspectives
of the climate policy based on the Copenhagen Accord : A long-term analysis with
TIAM-FR”, 34th IAEE International Conference, ”Institutions, Eﬃciency and Evolving
Energy Technologies”, Stockholm, June 19-23, 2011.
11. S. Selosse, E. Assoumou, N. Ma¨ızi, ”Climate policy impact on energy system : a long-
term analysis with the TIMES Integrated Assessment Model (TIAM-FR)”, 3rd In-
ternational Symposium on Energy Engineering, Economics and Policy : EEEP 2011,
Orlando, Florida, July 19-22, 2011.
12. V. Mazauric, T.H. Pham, P.F. Wendling and N. Ma¨ızi, ”Sustainable design in electrical
engineering : A multi-scale approach”, IEEE InterMag Conference, 2011 Taipei, Taiwan.
13. S. Zouaoui-Elloumi, J-P. Marmorat, V. Roy, N. Ma¨ızi, ”Securing Harbors by modeling
and classifying ships behaviors”, Proceedings of the 20th Behavior Representation in
Modeling and Simulation (BRIMS) Conference, Utah, March 2011.
14. S. Zouaoui-Elloumi, J-P. Marmorat, V. Roy, N. Ma¨ızi, ”Modeling Ship Behavior based
on Hidden Markov Models”, Proceedings of Signal Processing, Pattern Recognition,
and Applications (SPPRA 2011), Innsbruck, Austria, Feb 2011.
15. M. Drouineau, N. Ma¨ızi, E. Assoumou and V. Mazauric, ”Flexibility and reliability in
long-term planning exercises dedicated to the electricity sector”, XXIe World Energy
Congress, Montreal, Canada, September 12-16, 2010.
16. S. Selosse, E. Assoumou, N. Ma¨ızi and V. Mazauric, ”Post-Kyoto policy implications
on the energy system : A TIAM-FR long-term planning exercise”, XXIe World Energy
Congress, Montreal, Canada, September 12-16, 2010.
17. Ste´phanie Bouckaert, Sandrine Selosse, Aure´lie Dubreuil, Edi Assoumou and Nadia Ma¨ızi,
”Implementing water allocation in the TIAM-FR energy model”, 11th IAEE European
Conference, ”Energy Economy, Policies and Supply Security : Surviving the Global
Economic Crisis”, Vilnius, Lithuania, August 25-28, 2010.
18. S. Selosse, E. Assoumou and N. Ma¨ızi, ”Prospective analysis of post-Copenhagen cli-
mate policy : the plausibility of investments in carbon capture and storage”, 11th IAEE
European Conference, ”Energy Economy, Policies and Supply Security : Surviving the
Global Economic Crisis”, Vilnius, Lithuania, August 25-28, 2010.
19. M. Drouineau, N. Ma¨ızi, E. Assoumou and V. Mazauric, ”TIMES model for the Reu-
nion Island : addressing reliability of electricity supply”, International EnergyWorkshop
(IEW), Stockholm, Sweden, June 21-23, 2010.
20. S. Selosse, E. Assoumou and N. Ma¨ızi, ”CO2 mitigation targets and technological
limits : Prospective analysis with the TIMES integrated assessment model (TIAM-
FR)”, International Energy Workshop (IEW), Stockholm, Sweden, June 21-23, 2010.
21. S. Selosse, E. Assoumou and N. Ma¨ızi, ”Regional impacts of the global carbon stakes :
Long term prospective with the TIMES integrated assessment model (TIAM-FR)”,
33rd IAEE International Conference ”The Future of Energy : Global Challenges, Di-
verse Solutions”, Rio de Janeiro, Brazil, June 6-9, 2010.
22. M. Drouineau, V. Mazauric, N. Ma¨ızi and E. Assoumou, ”The cost of reliability of
supply in future power systems”, 33rd IAEE International Conference ”The Future of
Energy : Global Challenges, Diverse Solutions”, Rio de Janeiro, Brazil, June 6-9, 2010.
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23. M. Drouineau, N. Ma¨ızi, V. Mazauric and E. Assoumou, ”Long term planning tools and
reliability needs : focusing on the Reunion Island”, 33rd IAEE International Conference
”The Future of Energy : Global Challenges, Diverse Solutions”, Rio de Janeiro, Brazil,
June 6-9, 2010.
24. G. Guerassimoﬀ, E. Assoumou, N. Ma¨ızi, Biomass for energy uses : methodology and
results for France, 33rd IAEE International Conference ”The Future of Energy : Global
Challenges, Diverse Solutions”, Rio de Janeiro, Brazil, June 6-9, 2010.
25. V. Mazauric, N. Ma¨ızi, L. Rondot, and P. Wendling, ”Dissipative processes in electrical
engineering : A multi-scale approach,” presented at the 14th biennal IEEE Conference
on electromagnetic ﬁeld computation (CEFC 2010), Chicago, IL, USA, 2010.
26. N. Ma¨ızi, V. Mazauric, E. Assoumou, and M. Drouineau, ”Long-term planning and
the sustainable power system : A focus on the ﬂexibility needs and network reliability,”
IEEE PES Power Systems Conference and Exhibition, Seattle, WA, USA, 2009.
27. V. Mazauric, N. Ma¨ızi, A. Anglade, and G. Guerassimoﬀ, ”Desperately seeking energy
eﬃciency... using Information and Communication Technologies ?,” IEEE PES Power
Systems Conference and Exhibition, Seattle, WA, USA, 2009.
28. Edi Assoumou, Vale´rie Roy and Nadia Ma¨ızi, ”Shift from oil fueled cars for future
sustainable mobilities”, 10th IAEE European Conference ”Energy, Policies and Tech-
nologies for Sustainable Economies”, Vienna, Austria, September 7-10, 2009.
29. Gilles Guerassimoﬀ, Edi Assoumou, Nadia Ma¨ızi and Marc Bordier, ”Biomass for
energy uses : assessment methodology for France”, 10th IAEE European Conference
”Energy, Policies and Technologies for Sustainable Economies”, Vienna, Austria, Sep-
tember 7-10, 2009.
30. Sandrine Selosse, Edi Assoumou, Nadia Ma¨ızi and Benoˆıt Lentz, ”GHG mitigation
targets by 2020 : what international coordination ?”, 10th IAEE European Conference
”Energy, Policies and Technologies for Sustainable Economies”, Vienna, Austria, Sep-
tember 7-10, 2009.
31. M. Drouineau, N. Ma¨ızi, E. Assoumou, and V. Mazauric, ”Reliability in future elec-
tricity mixes : The question of distributed and renewables sources,” 10th European
International Association for Energy Economics Conference, Vienna, Austria, 2009.
32. Olivier Davidau, Mireille Bossy, Nadia Ma¨ızi and Odile Pourtallier, ”Valuing CO2
Emission Allowances with Stochastic Control”, ERCIM News, 2009, 78, 2009.
33. N. Ma¨ızi, E. Assoumou, ”Electricity Generation and Renewables Under Carbon Miti-
gation Policies”, IEEE Energy 2030 : IEEE Conference on Global Sustainable Energy
Infrastructure, Atlanta Nov. 2008.
34. A-S. Malidin, C. Kayser-Bril, N. Ma¨ızi, E. Assoumou, V. Mazauric, V. Boutin, “As-
sessing the Impact of Smart Building Techniques : a Prospective Study for France”,
IEEE Energy 2030 : IEEE Conference on Global Sustainable Energy Infrastructure, ,
Atlanta Nov. 2008.
35. M. Drouineau, V. Mazauric, E. Assoumou and N. Ma¨ızi, “Network reliability assess-
ment towards long term planning”, IEEE Energy 2030 : IEEE Conference on Global
Sustainable Energy Infrastructure, Atlanta Nov. 2008.
36. C. Kayser-Bril, C. Liotard, N. Ma¨ızi, V. Mazauric, “Power Grids on Islands : from
Dependency to Sustainability ?”, IEEE Energy 2030 : IEEE Conference on Global Sus-
tainable Energy Infrastructure, Atlanta Nov. 2008.
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37. E. Assoumou, N. Ma¨ızi, ”Assessing Carbon Values To Achieve Strong Post Kyoto CO2
Reduction Targets For France”, presented at 31th International Association for Energy
Economics International Conference, IAEE, Istanbul, Turkey, 2008.
38. N. Ma¨ızi, E. Assoumou, V. Mazauric, ”Energy Eﬃciency And The ”triple 20” Euro-
pean Policy : Lessons Drawn From The French Case”, presented at 31th International
Association for Energy Economics International Conference, IAEE, Istanbul, Turkey,
2008.
39. Vincent Mazauric and Nadia Ma¨ızi ”An optimal approach dedicated to energy eﬃ-
ciency of electrical systems”, EngOpt 2008 - International Conference on Engineering
Optimization, Rio de Janeiro, Brazil, 01 - 05 June 2008.
40. Vincent Mazauric, Nadia Ma¨ızi and Philippe Wendling “A Global Approach of Elec-
tromagnetism Dedicated to Energy Eﬃciency” International Power Engineering Confe-
rence IPEC2007 - Dec 2007, Singapore.
41. H. Elloumi, M. Bordier, N. Ma¨ızi, ”Existence and Boundedness of Solutions of Nonli-
near non Symmetric Riccati Equations and their Application in Robust Control”, 46th
IEEE Conference on Decision and Control, New-Orleans, 12-14 Dec 2007.
42. H. Elloumi, M. Bordier, N. Ma¨ızi, ”Maximum Performance of Motion Restitution in
Advanced Driving Simulators”, IROS 2007.
43. H. Elloumi, M. Bordier, N. Ma¨ızi, ”Hybrid motion cueing algorithms for redundant
advanced driving simulators”, ICINCO, Angers, May, 9-12, 2007.
44. Jan Neering, Marc Bordier and Nadia Ma¨ızi, ”Optimal Passive Source Localization”,
International Conference on Sensor Technologies and Applications SENSORCOMM
2007, Valencia, Oct. 2007.
45. Vincent Mazauric, Nadia Ma¨ızi, ”Dedicating electrical engineering to energy eﬃciency”,
International Energy Workshop, Stanford, June 25-27, 2007.
46. Vincent Mazauric, Nadia Ma¨ızi, G. Guerassimoﬀ, A. Anglade, ”Desperatly seeking for
energy eﬃciency using Information and Communication Technologies ?” International
Energy Workshop, Stanford, June, 25-27, 2007.
47. Edi Assoumou, Felipe Pritchard, Gilles Guerassimoﬀ, Nadia Ma¨ızi, ”Prospective ana-
lysis for the Chilean power generation park using Markal” International Energy Work-
shop, Stanford, June, 25-27, 2007.
48. Vincent Mazauric, Jean-Paul Gonnet, Nadia Ma¨ızi, Philippe Wendling, ”Dedicating
electrical engineering to electromagnetic compatibility and energy eﬃciency”, Power
Systems Conference and Exposition, Atlanta 29 Oct - 01 Nov 2006.
49. Nadia Ma¨ızi, Edi Assoumou, Marc Bordier, Gilles Guerassimoﬀ, Vincent Mazauric
” Key features of the electricity production sector through long-term planning : the
French case”, Power Systems Conference and Exposition, Atlanta 29 Oct - 01 Nov
2006.
50. J.-P. Gonnet, J.-M. Guichon, A. Anglade, N. Ma¨ızi, V. Mazauric, J. Roudet, and P.
Wendling, ”Toward a global approach dedicated to electromagnetic compatibility and
energy eﬃciency” (invited speaker), presented at EMC-Zurich Conference, Singapore,
2006.
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51. Jan Neering, Re´mi Drai, Marc Bordier, Nadia Ma¨ızi, ”Multiobjective Robust Control
Via Youla Parametrization”, CCA, ISIC and CACSD 2006, October 4-6, 2006, Munich,
Germany.
52. Edi Assoumou, Marc Bordier, Gilles Guerassimoﬀ, Nadia Ma¨ızi, ”Reducing greenhouse
gas emmissions by a factor of 4 by 2050 : a bottom-up analysis of post Kyoto emissions
targets for France ”, International Energy Workshop, Cape-Town 27-29 June 2006.
53. J.-P. Gonnet, V. Mazauric, N. Ma¨ızi, and P. Wendling, ”A global approach dedicated to
EMC and energy eﬃciency,”presented at Biennal IEEE Conference on electromagnetic
ﬁeld computation (CEFC 2006), Miami, USA, 2006.
54. H. Elloumi, M. Bordier, N. Ma¨ızi, ”An encompassing formalization of robust computed
torque schemes of robot systems”, Proceedings of IEEE Conference on Decision and
Control and European Control Conference, December 2005, Sevilla, Spain.
55. H. Elloumi, M. Bordier, N. Ma¨ızi, ”An optimal control scheme for a driving simula-
tor”, Proceedings of ICINCO 2005, International Conference on Informatics in Control,
Automation and Robotics, September, 2005, Barcelona, Spain.
56. H. Elloumi, M. Bordier, N. Ma¨ızi, ”Integrated model-based control with human per-
ception models in driving simulation”, Proceedings of IMACS05, Calcul Scientiﬁque,
Mathe´matiques Applique´es et Simulation, July, 2005, Paris.
57. V. Roy, N. Ma¨ızi, ”Towards an integrated conception of hybrid dynamical systems”,
Proceedings of IFAC Barcelona, July 2002.
58. Nadia Ma¨ızi, Vale´rie Roy, ”Application of an Hybrid
Esterel/Lustre/Simulink System : a Hybrid Energy System”, Proceedings ADPM’2000,
Sept 2000, Dortmund.
59. M. Bordier, N. Ma¨ızi, An issue around the active control of sound, Proceedings Euro-
pean Control Conference, Roma, Sept. 1995.
B-3. Confe´rences invite´es Internationales
1. N. Ma¨ızi, Smart, Sustainable and Low-Carbon growth of electricity systems, Euro-
pean Side Event organized by France and ParisTech Chair Modeling for sustainable
development. COP 18, Doha, Qatar, December 2012.
2. A. Wacziarg, N. Ma¨ızi, P. Pourouchottamin ”Looking Japan energy future after the
11th March 2011’s earthquake”, 25th European Conference on Operational Research,
EURO XXV, Vilnius, Latvia, July 8-11, 2012.
3. N. Ma¨ızi, E. Assoumou, V. Mazauric, ”Future challenges for the French power gene-
ration paradigm”, 25th European Conference on Operational Research, EURO XXV,
Vilnius, Latvia, July 8-11, 2012.
4. P. Hugues, E. Assoumou, N. Ma¨ızi, ”GHG emissions cap impact on French biofuel mix
using MARKAL/TIMES Model”, 25th European Conference on Operational Research,
EURO XXV, Vilnius, Latvia, July 8-11, 2012.
5. S. Bouckaert, E. Assoumou, N. Ma¨ızi, ”Smart grids and prospective modeling for the
electricity sector”, 25th European Conference on Operational Research, EURO XXV,
Vilnius, Latvia, July 8-11, 2012.
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6. N. Ma¨ızi Planning tools in the climate debate and business opportunities, Side Event
long term prospective of business contribution to low carbon development joint Side
Event organized by ICC and ParisTech Chair Modeling for sustainable development.
COP 17, Durban, South Africa, December 2011.
7. N. Ma¨ızi, M. Drouineau, E. Assoumou et V. Mazauric, Reliability versus low carbon
issues. Third Annual Meeting of the International Research Network for Low Carbon
Societies (LCS-RNet), Paris, France, October 2011.
8. M. Drouineau, N. Ma¨ızi and V. Mazauric, ”Optimization of future power systems focu-
sing on reliability of supply, 2nd International Conference on Engineering Optimization
(ENGOPT), Lisbon, Portugal, September 6-9, 2010.
9. Nadia Ma¨ızi, Marc Bordier, Ahmadou Thiam, ”Optimal operation and sizing of a set
of cogenerations”, 2nd International Conference on Engineering Optimization (EN-
GOPT), Lisbon, Portugal, September 6-9, 2010.
10. Nadia Ma¨ızi, Sandrine Selosse and Edi Assoumou, ”Power generation under post Co-
penhagen emission reduction pledges”, 2nd International Conference on Engineering
Optimization (ENGOPT), Lisbon, Portugal, September 6-9, 2010.
11. E. Assoumou, G. Guerassimoﬀ, S. Selosse and N. Ma¨ızi, ”ETSAP modeling tools : a
bottom-up framework for energy issues”, 24th European Conference on Operational
Research, EURO XXIV, Lisbon, Portugal, July 11-14, 2010.
12. M. Drouineau, N. Ma¨ızi and V. Mazauric, ”Optimization of future power systems fo-
cusing on reliability of supply”, 24th European Conference on Operational Research,
EURO XXIV, Lisbon, Portugal, July 11-14, 2010.
13. V. Mazauric, M. Drouineau, N. Ma¨ızi, ”Energy transmission in electrical engineering :
A multiscale approach”, 24th European Conference on Operational Research, EURO
XXIV, Lisbon, Portugal, July 11-14, 2010.
14. S. Selosse, E. Assoumou, N. Ma¨ızi, ”Regional impacts of post Copenhagen emission re-
duction pledges using TIAM-FR”, 24th European Conference on Operational Research,
EURO XXIV, Lisbon, Portugal, July 11-14, 2010.
15. N. Ma¨ızi, S. Selosse, E. Assoumou, ”From announced targets to local circumstances :
Europe versus France”, ParisTech side event COP15 (Copenhagen Climate Change
Conference), Dec 2009.
16. N. Ma¨ızi, ”Energy eﬃciency through Long term planning”, RTCC side event COP13
UNFCCC (United nations Framework Convention on Climate Change Conference),
Bali, 2007.
17. Vincent Mazauric, Nadia Ma¨ızi, Ge´rard Meunier, Philippe Wendling, Marc Vilcot,
”Energy eﬃciency and eco-design : Major Issues for Schneider Electric (invited spea-
ker) : presented at United nations Framework Convention on Climate Change Confe-
rence, Nairobi, Kenya, 2006.
18. Nadia Ma¨ızi Scientiﬁc computing helping energy eﬃciency, Invited session, Eden 2nd
international workshop on Energy Awareness and Innovation, Oct 2005, Sophia-Antipolis.
19. Nadia Ma¨ızi Assertion of the energy risk, Invited session, Eden 1st international work-
shop on Energy Awareness and Innovation, Oct 2004, Sophia-Antipolis.
20. Nadia Ma¨ızi ”A la croise´e de l’e´conomie, l’e´nergie, l’aide a` la de´cision : une approche
prospective du secteur de la production d’e´lectricite´ en France”Confe´rence d’Ouverture
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1e´res Journe´es ATSB-ATTNA : Entre spe´cialisation et interdisciplinarite´, Hammamet
2-3 De´cembre 2006.
21. Nadia Ma¨ızi, ”Impact on future investments in the electricity production sector : The
French paradigm ”, Invited Speaker, Seventh International Symposium on Electric and
Magnetic Fields, Aussois(France), 19-22 June 2006.
22. Nadia Ma¨ızi, Robust Joint Torque Control using Variable Structure Control, Ecole
Polytechnique de Montre´al, Nov 95.
B-4. Communications internationales
1. Ahmadou Thiam, Nadia Ma¨ızi, Marc Bordier, Optimality of a grid connected cogene-
ration park : an equivalent decomposition scheme, to be presented at 7th International
Congress on Industrial and Applied Mathematics (ICIAM 2011), July 2011, Vancouver.
2. V. Mazauric, L. Rondot, N. Ma¨ızi, An Energy-Based Error Criterion for Transient
Electrodynamical Applications, to be presented at 7th International Congress on In-
dustrial and Applied Mathematics (ICIAM 2011), July 2011, Vancouver.
3. N. Ma¨ızi, M. Bossy, O. Pourtallier, R. Carmona, Carbon Allowances and Electricity
Prices : a Game-theory Approach, to be presented at 7th International Congress on
Industrial and Applied Mathematics (ICIAM 2011), July 2011, Vancouver.
4. J.M. Cayla, N. Ma¨ızi, ”Households under carbon constraint : What policies for a pa-
thway toward low-carbon consumption in France ?”, ETSAP Workshop, Stanford, July
2011.
5. Aure´lie Dubreuil, Ste´phanie Bouckaert, Sandrine Selosse, Edi Assoumou and Nadia Ma¨ızi,
Implementing water allocation in the TIAM-FR energy model, International Confe-
rence ”Water and Energy”, International Water Association and Waternetwerk, Am-
sterdam, The Netherlands, November 10-12, 2010.
6. Ste´phanie Bouckaert, Sandrine Selosse, Aure´lie Dubreuil, Edi Assoumou and Nadia Ma¨ızi,
”Implementing water allocation in the TIAM-FR energy model”, ETSAP Workshop,
Cork, November 2010.
7. J.M. Cayla, N. Ma¨ızi, ”Households under carbon constraint :TIMES model of French
Residential and Transports sectors”, ETSAP Workshop, Stockholm, June 2010.
8. G. Guerassimoﬀ, E. Assoumou, N. Ma¨ızi, ”Biomass for energy uses : methodology and
results for France”, Joint TERI ETSAP Workshop, ”Energy Modelling Tools and Tech-
niques to address Sustainable Development and Climate Change, New Delhi, January
21-22, 2010
9. S. Selosse, N. Ma¨ızi, E. Assoumou, ”Regional impacts of the global carbon stakes : long
term prospective with TIAM-FR”, Joint TERI ETSAP Workshop, ”Energy Modelling
Tools and Techniques to address Sustainable Development and Climate Change, New
Delhi, January 21-22, 2010.
10. Marc Bordier and Nadia Ma¨ızi, ”Marginal costs and Optimality for cogeneration sys-
tems”, 23rd Conference on Operational Research, EURO XXIII, Bonn, Germany, July
5-8, 2009.
11. Olivier Davidau, Mireille Bossy, Nadia Ma¨ızi and Odile Pourtallier, ”Indiﬀerence prices
for CO2 emission allowances”, 23rd Conference on Operational Research, EURO XXIII,
Bonn, Germany, July 5-8, 2009.
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12. M. Drouineau, V. Mazauric, and N. Ma¨ızi, ”Minimizing electrical losses in long-term
power planning,” presented at 23rd European Conference on Operational Research,
EURO XXIII, Bonn, Germany, 2009.
13. Jean-Michel Cayla, Nadia Ma¨ızi, Christophe Marchand and Edi Assoumou, ”House-
holds under carbon constraints and the burden sharing issue”, International Energy
Workshop, Fondazione Giorgio Cini, Venice, Italy, June 15-17, 2009.
14. Nadia Ma¨ızi ”Electricity Generation and renewables under carbon mitigation policies”,
Semi-annual Workshop, Sophia-Antipolis, France, 15-17 December 2008.
15. Nadia Ma¨ızi, Marc Bordier, ”Optimal operation mode for distributed cogeneration
power plants” presented at 6th International Congress on Industrial and Applied Ma-
thematics (ICIAM 2007), July 2007, Zurich.
16. Vincent Mazauric, Nadia Ma¨ızi, ”A global approach of electromagnetism dedicated to
further long-term planning” presented at 6th International Congress on Industrial and
Applied Mathematics (ICIAM 2007), July 2007, Zurich.
17. Nadia Ma¨ızi, Edi Assoumou, Marc Bordier, Gilles Guerassimoﬀ ”Markal-Times as-
sessment of long term CO2 emissions targets for France”, European Conference on
Operational Research EURO XXII, Prague 8-11 July 2007.
18. Vincent Mazauric, Nadia Ma¨ızi ”Integrating network dynamics into long-term planning
exercises”, European Conference on Operational Research EURO XXII, Prague 8-11
July 2007.
19. C. Durville, M. Bossy, N. Ma¨ızi, O. Pourtallier, D. Varone, ”Optimal dynamic cross-
pricing of CO2 market by indiﬀerence price”, European Conference on Operational
Research EURO XXII, Prague 8-11 July 2007.
20. A. Djemaa, A. Hita, G. Guerassimoﬀ, N. Ma¨ızi ”Modeling Energy Saving Potential In
Industry, Case of the European Steel industry”, Ecole d’automne Infratain, Infrastruc-
ture Regulation Modeling, and Policy, Berlin 1-6 Octobre 2007.
21. A Djemaa, A Hita, G. Guerassimoﬀ, N. Ma¨ızi ”Modeling Energy Saving Potential
in Industry”, Ecole d’e´te´ de l’eceee (The European Council for an Energy Eﬃcient
Economy), 6-9 juin 2007.
22. Nadia Ma¨ızi, Edi Assoumou, Marc Bordier, Gilles Guerassimoﬀ, Vincent Mazauric ”
Energy mix planning for the French electricity production sector ”, European Confe-
rence on Operational Research Euro2006, Reykjavik 2-5 July 2006.
23. Vincent Mazauric, Philippe Wendling, Nadia Ma¨ızi, ”Variational formulation of elec-
tromagnetism dedicated to Energy Eﬃciency”, 21st European Conference on Opera-
tional Research, July 2-5, 2006, Reykjavik, Iceland.
24. E. Assoumou, N. Ma¨ızi, M. Bordier, G. Guerassimoﬀ, ”Long-term Energy modeling
for the french electricity sector”, ETSAP meeting, Nov 2004, Firenze.
25. M. Dagdelen, G. Reymond, A. Kemeny, M. Bordier, N. Ma¨ızi, ”MPC based Motion
Cueing Algorithm : Development and Application to the ULTIMATE Driving Simula-
tor”, Proceedings of Driving Simulation Conference, Sept 2004, Paris.
26. C. Dumbs, N. Ma¨ızi, F.P. Neirac, D. Mayer, Sizing and Optimized Control of PV-
diesel hybrid energy systems. Design and performance analysis, 2e`me congre´s mondial
sur l’e´nergie solaire photovolta¨ıque, Vienne, 6-10 July 1998.
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27. N. Ma¨ızi, S. Buresi, O. Khatib, Robust Joint Torque Control using Variable Structure
Control, Se´minaire pre´sente´ a` l’Ecole Polytechnique de Montre´al, Nov 95.
C-1. Revues nationales avec comite´ de lecture
1. N. Ma¨ızi, V. Mazauric, ”Penser le long terme du secteur e´lectrique pour re´ussir son
eﬃcacite´ e´nerge´tique,” Enseigner l’Electrotechnique et l’Electronique Industrielle, vol.
64, pp. 57-60, 2011.
2. V. Mazauric, N. Ma¨ızi, ”Re´ussir l’eﬃcacite´ e´nerge´tique du vecteur e´lectrique : Enjeux,
me´thodologie, e´co-conception, solutions, prospective,”Revue d’Electricite´ et d’Electro-
nique, vol. 5, pp. 111-119, 2008.
3. Nadia Ma¨ızi, Edi Assoumou, ”Mode´lisation prospective et spe´ciﬁcite´s de la politique
e´nerge´tique franc¸aise”, J3eA 6, (2007).
4. Edi Assoumou, Marc Bordier, Gilles Guerassimoﬀ, Ce´dric Grange, Nadia Ma¨ızi” La
famille MARKAL de mode´les de planiﬁcation e´nerge´tique : un comple´ment aux exer-
cices de mode´lisation dans le contexte franc¸ais ”, Revue de l’e´nergie 558, Juillet - Aouˆt
2004.
5. Utilisation des langages re´actifs synchrones pour la simulation d’un syste`me multi-
e´nergies, V. Roy, N. Ma¨ızi, Revue de l’e´lectricite´ et de l’e´lectronique, N. 10, nov 2000.
6. A. Le Mouel, F. Neirac et N. Ma¨ızi, Application d’une me´thode de Re´duction Hankel-
optimale a` la solution de l’Equation de la Chaleur, Revue Ge´ne´rale de Thermique
Franc¸aise, no 389, Mai 1994, 336-344.
7. V. Roy, N. Ma¨ızi, Utilisation des langages re´actifs synchrones pour la simulation d’un
syste`me multi-e´nergies, Revue de l’e´lectricite´ et de l’e´lectronique, N. 10, nov 2000.
8. N. Ma¨ızi, Re´duction au sens de la norme de Hankel de mode`les dynamiques de dimen-
sion inﬁnie, The`se soutenue a` l’Ecole des Mines de Paris, 1992.
C-2. Confe´rences invite´es Nationales
1. N. Ma¨ızi, Sce´narios de transition e´nerge´tique, Se´minaire de l’Acade´mie des Technolo-
gies, 15 Janvier 2013.
2. N. Ma¨ızi, Du bon usage des sce´narios pour l’exercice de prospective long terme : ou
comment e´laborer une transition e´nerge´tique intelligente en France, ” Regards croise´s
d ?e´conomistes, de parlementaires et de l ?Administration sur la politique e´nerge´tique
de la France et de l ?UE : Quels sce´narios et comment s ?en servir ? ”, Association des
Economistes de l’Energie, 14 Novembre 2012.
3. N. Ma¨ızi, Enjeux d’une prospective long terme : Smart grids et Smart Cities, Journe´es
Mines Telecom, 13 Novembre 2012.
4. N. Ma¨ızi, L’exercice prospectif et la fabrique de sce´narios e´nerge´tiques : re´ﬂexion sur
les approches 2050 pour la France, Se´minaire ” Prospective et sce´narios e´nerge´tiques ”,
Fondation Tuck, 18 Octobre 2012.
5. N. Ma¨ızi, Contraintes technologiques : conditions techniques d’une transition e´ner-
ge´tique intelligente, Confe´rence ple´nie`re de la 4e`me Journe´e de la Chaire ParisTech
MPDD, ”Enjeux Energie-Climat”, MINES ParisTech, 3 Octobre 2012.
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6. N. Ma¨ızi, Mode`les du long terme et paradigme optimal, Se´minaire ”Mode`les : outil de
prospectives et de convergence interdisciplinaire ”, Paris-Diderot, 12 Juin 2012.
7. N. Ma¨ızi, Les outils de la prospective long terme pour le business et l’eﬃcacite´ e´nerge´-
tique, Confe´rence introductive de la Journe´e ”Smart cities et prospective : une contri-
bution a` RIO+20”, Schneider Electric, Rueil-Malmaison, 4 Juin 2012.
8. N. Ma¨ızi, Sce´narios post-nucle´aires : e´le´ments de cadrage. Journe´e de la Chaire Mode´-
lisation prospective au service du de´veloppement durable ”Post Fukushima”, Paris, 11
octobre 2011.
9. N. Ma¨ızi, Penser le long terme du secteur e´lectrique. Expose´ d’ouverture Concordat
GENELEC Janvier 2011.
10. Nadia Ma¨ızi, Jean-Charles Hourcade, Les objectifs post Copenhague des pays e´mer-
gents : regards croise´s de sce´narios prospectifs de TIAM-FR et d’IMACLIM. Journe´e
de la Chaire Mode´lisation Prospective. 17 Nov. 2010.
11. N. Ma¨ızi, Les mode`les, outils de prospective dans le de´bat climatique. De´cisions poli-
tiques et e´conomiques face aux enjeux e´nergie-climat. Journe´e de l’Universite´ TOTAL,
18 Fe´vrier 2010.
12. N. Ma¨ızi, Confe´rence Mode´lisation prospective et politiques de lutte contre le change-
ment climatique, Feˆte de la Science (2009).
13. N. Ma¨ızi, S. Selosse, G. Guerassimoﬀ, Se´minaire ”Energie et De´veloppement Durable”,
CERESUR, Universite´ de la Re´union, 30 novembre 2009.
14. N. Ma¨ızi, E. Assoumou, MARKAL/Times-France : re´sultats des exercices prospectifs.
Conseil d’Analyse Strate´gique (6 interventions en 2007, 2 en 2009).
15. N. Ma¨ızi, E. Assoumou, Restitution des exercices de prospective France re´alise´s pour
le CAS. Journe´es ADEME Prospective Baˆtiment (18 Janvier 2008).
16. N. Ma¨ızi, Mode´lisation prospective et de´veloppement durable, Conseil scientiﬁque de
Schneider Electric (4 septembre 2007).
17. N. Ma¨ızi, E. Assoumou, M. Bordier, G. Guerassimoﬀ, Une approche prospective utili-
sant le mode`le MARKAL, Forum Interministe´riel sur la Prospective : Mars 2007.
18. Nadia Ma¨ızi, Edi Assoumou, ”Exercices prospectifs via le mode`le MARKAL : spe´ciﬁ-
cite´s franc¸aises ?”, Energie et de´veloppement durable, JEEA, Rennes, Mars 2007.
19. V. Mazauric, N. Ma¨ızi, ”Re´ussir l’eﬃcacite´ e´nerge´tique du ge´nie e´lectrique : Enjeux,
me´thodologies, (e´co-)conception, solutions, prospective (invite´),” Journe´e technique
SEE : Eco-conception et me´thodologies de conception, quelques exemples de pratiques
en ge´nie e´lectrique, Paris, France, 2006.
20. N. Ma¨ızi, E. Assoumou, Prospective e´nerge´tique : Le mode`le MARKAL, Communica-
tion pre´sente´e a` l’Observatoire de l’Energie, DGEMP, 16 Mai 2005, Paris.
21. N. Ma¨ızi, ”Mathe´matiques dans l’industrie : la simulation de conduite automobile”,
Se´minaire IREM (Institut de Recherche sur l’Enseignement des Mathe´matiques), Uni-
versite´ de Nice-Sophia Antipolis, Janvier 2005.
22. N. Ma¨ızi, La the´orie des jeux dans le cadre du protocole de Kyoto, Se´minaire Chan-
gement Climatique, Ecole des Mines de Paris, Fe´vrier 2002.
23. N. Ma¨ızi, V. Roy, Inte´gration d’Esterel/Lustre/Simulink en vue de la conception des
syste`mes hybrides : Application a` un syste`me d’alimentation en e´lectricite´, confe´rence
invite´e au GDR Syste`mes hybrides, 12 Janvier 2001, Paris.
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Deuxie`me partie
De la dimension infinie a` la
dimension prospective
variations autour du paradigme d’optimalite´




L’optimisation est un outil clef pour l’aide a` la de´cision, pratique´e par les scientiﬁques,
essentielle pour les de´cideurs.
Parfois il est important de re´soudre un proble`me de manie`re optimale ; d’autres fois l’optima-
lite´ n’est pas le point crucial : soit parce qu’une solution presque optimale suﬃt, soit parce
qu’il est diﬃcile d’associer au proble`me re´el un crite`re simple permettant de juger la solution.
Cependant, meˆme dans ces cas l’optimisation est utile car elle donne un moyen au modeleur
de tester sa pense´e. Si la solution “optimale” n’est pas envisageable, voire est ridicule alors
ceci peut souligner le fait qu’il faut aﬃner le mode`le et la reﬂexion autour, en respectant
un principe de cohe´rence vis a` vis du proble`me a` traiter [14] car ”. . . la prudence, compagne
naturelle de l’ignorance, peut parfois conduire a` utiliser un crite`re amende´ ou diﬀe´rent 1”.
Dans ce me´moire, nous illustrerons comment nos recherches se de´clinent dans ce cheminement
ou` le concept d’optimalite´ permet d’oﬀrir une grille de lecture aux proble`mes re´els et aux
applications ouvertes que nous envisageons.
Nous reviendrons sur les travaux que nous avons mene´ ces dix dernie`res anne´es, en les parcou-
rant a` la lumie`re de l’approche optimale que nous venons de souligner. Cela sera l’occasion
de rappeler la diﬃcile de´clinaison du paradigme de l’optimalite´ lors de sa confrontation aux
principes de re´alite´ de syste`mes toujours plus complexes.
Apre´s avoir re´capitule´ l’expe´rience de recherche acquise a` travers des contributions varie´es,
qui nous ont mene´ de proble`mes de controˆle en dimension inﬁnie a` des applications dans les
domaines du spatial, de l’e´nergie et de l’automobile, nous nous arreˆterons spe´ciﬁquement sur
nos de´veloppements en matie`re de prospective long terme.
En particulier, nous argumenterons le credo que l’optimalite´ est un canevas ne´cessaire pour
envisager les enjeux d’une mode´lisation du long terme, que nous proposerons comme centrale
dans nos perspectives de recherche.
Mais ﬁde`les a` notre formation ”`a la franc¸aise” nous ne de´velopperons notre re´ﬂexion sans
eˆtre au pre´alable revenus sur les grands principes sous jacents a` l’optimalite´ et leur liaison
naturelle avec l’e´tude des syste`mes dynamiques.
1. P. Masse´, Le plan ou l’anti-hasard, p165 [48]
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Chapitre 1
Retour sur le paradigme d’optimalite´
Le paradigme d’optimalite´ : un concept mathe´matique
Le concept d’optimalite´ peut se de´crire de fac¸on extreˆmement ge´ne´rique mathe´matiquement
comme la recherche de l’argument x qui minimise un crite`re exprime´ sous forme d’une fonc-
tion (ou plus ge´ne´ralement d’une forme) J(x), soumis ou non a` des contraintes d’e´galite´ ou
d’ine´galite´.
Toute la discussion de´pend alors de la connaissance des espaces ou` e´voluent l’argument
x, le crite`re J(x), et l’ensemble des contraintes associe´es. En eﬀet, suivant les proprie´te´s
mathe´matiques de cette formulation ge´ne´rique, on peut parcourir les classes des proble`mes
d’optimisation associe´es, e´ventuellement e´tablir l’existence voire l’unicite´ de la solution op-
timale et envisager la me´thode de re´solution la plus adapte´e, plus ou moins explicite plus ou
moins complexe.
L’attractivite´ de cette approche, outre l’usage que l’on en fera, re´side dans l’e´criture d’une
histoire au cours de laquelle il a toujours e´te´ ne´cessaire d’e´tablir un cercle vertueux entre la
question re´elle pose´e, sa mode´lisation, la formulation associe´e, sa re´solution mathe´matique, le
de´veloppement d’algorithmes adapte´s et l’interpre´tation des re´sultats produits. Intrinse`que-
ment le de´ploiement d’une approche optimale repose sur plusieurs disciplines : celles associe´es
a` la question re´elle (proble`me e´conomique, phe´nome`ne physique, . . . ), celles de la re´solution
(mathe´matiques), celles de la mise en oeuvre (informatique, algorithmique, complexite´, . . . ),
celles de l’interpre´tation (analyse de sensibilite´, the´orie de la dualite´, . . . ).
Pour preuve nous reprendrons une bre`ve description des principales classiﬁcations des pro-
ble`mes d’optimalite´.
Une premie`re de´clinaison statique
Parmi les caracte´ristiques importantes d’un proble`me d’optimisation, deux ont particulie`-
rement structure´ l’histoire de la programmation mathe´matique : le caracte`re statique et la
proprie´te´ de line´arite´, conduisant aux premiers grands re´sultats de cette discipline [20].
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Lorsque l’on revisite l’histoire de la recherche ope´rationnelle, on retrouve l’essence du terme
de programmation [48] introduit en 1940 dans le contexte de la planiﬁcation (“scheduling
or planning”) d’activite´s 1dans des grandes organisations (vision e´conomique) et pour les
ope´rations militaires, pour eˆtre ﬁnalement capte´ par les sciences informatiques.
La programmation, au sens de la planiﬁcation, consiste a` e´laborer un programme qui permet
de de´terminer ce que sera la valeur d’une variable (dite de de´cision) repre´sentant une quantite´
ou un niveau d’activite´.
Ce programme est e´labore´ sous une forme qui de´crit mathe´matiquement les restrictions
inhe´rentes a` la planiﬁcation comme un ensemble d’e´quations ou d’ine´galite´s impliquant ces
variables. Une solution tenant compte de toutes ces contraintes sera conside´re´ comme un
plan acceptable.
Il est inte´ressant de noter a` ce stade que l’expe´rience montre que mode´liser une ope´ration
complexe simplement en spe´ciﬁant des contraintes peut de´ja` conduire aux e´cueils suivants :
– pas assez de contraintes (proble`me sous contraint) et il y a une inﬁnite´ de solutions
– trop de contraintes et les solutions solutions admissibles sont tellement restreintes qu’on
risque de ne pas avoir de solution.
Il s’ave`re de´terminant, pour contourner cette diﬃculte´, de de´ﬁnir l’objectif du programme :
une fonction d´´ependant des variables, exprimant un couˆt ou un proﬁt, et qui permet de
de´cider en quoi une solution est meilleure qu’une autre. Et retenir comme de´cision optimale
celle qui minimise ou maximise le crite`re : c’est le champ d’investigation de la programmation
mathe´matique.
La programmation line´aire concerne les proble`mes pour lesquels la fonction objectif est
line´aire et les contraintes d’e´galite´ ou d’ine´galite´ sont line´aires. Il existe un grand nombre de
me´thodes qui permettent de re´soudre ces proble´mes pour un grand nombre de variables et
de contraintes, toutes ne´cessitant l’utilisation d’un calculateur. A partir de 1940, ce domaine
e´merge alors que le de´veloppement des ordinateurs s’accompagne d’une informatique scienti-
ﬁque de´die´e a` ces sujets. L’algorithme du simplexe est le premier algorithme ce´le`bre e´labore´
par Dantzig en 1946 qui s’ame´liora durant la de´cennie qui suivit [20]. Le de´veloppement des
ordinateurs a` la meˆme e´poque r´´epandit l’utilisation du terme de programmation dans son
acception actuelle.
Bien qu’elle soit attractive, il est parfois non re´aliste de conserver l’hypothe`se de line´arite´
pour reﬂe´ter la spe´ciﬁcite´ de la question optimale pose´e. Dans ce cas et si, soit le crite`re,
soit les contraintes impliquent des fonctions non line´aires on parle de programmation non
line´aire, classe de proble`me bien plus diﬃcile a` re´soudre que la pre´ce´dente si certaines
proprie´te´s comme la convexite´ viennent a` manquer.
L’hypothe`se de line´arite´ tombe e´galement lorsque certaines variables doivent prendre des
valeurs entie`re (en partie ou en totalite´), reﬂe´tant la recherche de de´cisions en tout ou rien.
On parle alors de programmation entie`re cas pour lequel une solution explicite est beau-
coup plus diﬃcile a` e´tablir car elle repose souvent sur la mise en oeuvre d’heuristiques.
Cependant une combinaison de processeurs plus rapides et de me´thodes plus sophistique´es
ont fait progresser les me´thodes adapte´es ces dernie`res anne´es [5]. Et paradoxalement, c’est
l’imple´mentation informatique des me´thodes de programmation line´aire, et la recherche de
1. plan de production, gestion de stocks, . . .
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leur complexite´ qui a e´te´ le moteur de de´veloppement des algorithmes de re´solution des pro-
ble`mes non line´aires. En 1979 Khachiyan [34] a prouve´ qu’un programme line´aire (proble`me
d’optimisation avec crite`re et contraintes line´aires) pouvait se re´soudre en temps polynomial,
re´solvant ainsi une conjecture vieille de plusieurs dizaines d’anne´es. Ce n’est qu’a` la suite des
travaux de Karmakar [33] sur les me´thodes de points inte´rieurs en 1984, que les algorithmes
polynomiaux se sont pose´s en compe´titeurs de la me´thode utilise´e jusqu’alors, l’algorithme
du simplexe de G.B. Dantzig [20], dont Klee et Minty [35] ont montre´ en 1972 qu’il n’est pas
polynomial 2
Les proble`mes re´els qui se formulent en programmes line´aires doivent remplir un certain
nombre d’hypothe`ses adapte´es a` ce type de formulation mathe´matique :
– le contexte est de´terministe,
– le temps est ﬁge´ :on re´alise un instantane´ 3 ,
– les relations permettant de de´crire le crite`re de de´cision et les contraintes sont line´aires.
Ceci revient a` dire que l’emploi de tels outils est inse´parable de l’examen attentif de la
signiﬁcation et de la validite´ de ces hypothe`ses.
Et quand le temps s’e´coule ? La dynamique et l’ale´a
Ce n’est pas le tout de savoir ce qu’il faut faire pour optimiser un couˆt ou un proﬁt instan-
tane´ment, on peut souhaiter constituer une suite de de´cision (discre`te ou continue). L’opti-
misation au cours du temps peut alors eˆtre conside´re´e comme une optimisation par “pallier
ou e´tape”. On doit trouver un compromis entre le de´sir d’obtenir le plus bas couˆt a` l’instant
pre´sent, et l’incidence de ce choix sur l’e´le´vation des couˆts dans les e´tapes ulte´rieures. L’ac-
tion approprie´e est de se´lectionner une de´cision qui minimise a` la fois la somme des couˆts
induits a´ l’e´tape courante et le moindre couˆt total qui pourrait eˆtre induit lors des e´tapes
suivantes, suite a` cette de´cision. C’est le champ de la programmation dynamique, introduit
dans les anne´es 1950, reposant sur le principe d’optimalite´ de Bellman :
toute sous trajectoire d’une trajectoire optimale, reliant un noeud n quelconque de la trajec-
toire optimale et la fin du chemin, est optimale pour le sous proble`me cherchant a` relier ce
noeud n a` la fin du chemin.
Imaginons qu’au fur et a` mesure que les de´cisions sont prises, il faille tenir compte des
informations qui arrivent. Suivant Gaston Berger, [48] il faut ”comple´ter les projets e´ta-
blis a` l’avance par de nouveaux projets inspire´s par les circonstances”. Ces informations qui
arrivent sont inconnues, et cet ale´a ne´cessite naturellement d’introduire une mode´lisation sto-
chastique. Il s’agit alors de prendre une de´cision qui minimise la fonction (couˆt, de paiement)
en tenant compte de l’ale´a pour faire face comme envisage´ depuis toujours dans l’aventure
humaine [48] : ”Nous savions que nous nous aventurions sur la mer la plus pe´rilleuse, et qu’il
2. Le simplexe est exponentiel dans le pire des cas (en 2n, lorsque n nombre de variables e´gale le nombre de
contraintes m), mais en pratique, empiriquement il est proportionnel au nombre de contraintes du proble`me,
c’est pourquoi son usage est si re´pandu.
3. L’ide´e sous jacente est que l’e´volution dynamique du marche´ complexifie la prise de de´cision. Il y a alors
ne´cessite´ de re´aliser un“snapshot” a` un moment donne´ de l’e´volution dynamique. L’hypothe`se importante est
la suivante : on conside`re que la taille de l’entreprise est suffisamment petite pour que les de´cisions n’aient pas
d’influence sur le marche´ et donc pas de re´percussion sur la valeur des mate´riaux et le prix des produits.[67]
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y avait dix a` parier contre un que nous n’en e´chapperions pas. Pourtant nous nous sommes
aventure´s car le re´sultat espe´re´ e´touﬀait la crainte du pe´ril probable.” 4
Lorsque l’on re´duit l’incertitude a` la probabilite´, un des paradigme pour optimiser en envi-
ronnement incertain, en fonction d’e´ve´nements impre´visibles, est l’espe´rance mathe´matique
du couˆt (moyenne ponde´re´e par la probabilite´ d’occurence de chaque valeur du couˆt) :
E(J(u, v))
ou` u est la variable de de´cision, et v un ale´a dont on fait un mode`le probabiliste.
De tous temps, les domaines de l’e´nergie puis de la ﬁnance ont e´te´ les applications les plus
prise´es pour la de´clinaison de la programmation dynamique ; les proble`mes associe´s ont
motive´ les premie`res me´thodes de re´solution de´die´es aux grands syste`mes[21],[36] et qui font
toujours l’objet d’inte´reˆt de nos jours[13].
Ce qu’il faut retenir de cette vision dynamique est qu’elle peut eˆtre de´cline´e en deux visions
duales : l’une purement combinatoire rele`ve des arbres de de´cision, une repre´sentation
graphique qui permet de de´rouler le temps en e´tapes successives ; l’autre conduisant a` la
re´solution d’un proble`me authentiquement “dynamique” via l’e´quation d’Hamilton Jacobi
Bellman.
Et il est e´le´gant de partir de la vision combinatoire de la programmation dynamique pour
aboutir a` une formulation en syste`me dynamique. Ainsi, examinons l’ide´e d’e´tapes successives
lorsqu’elle est de´cline´e sous forme de graphe avec les notations suivantes :
les noeuds du graphe, appele´s e´tat, sont repe´re´s par un nume´ro d’e´tape (ou instant) k ∈
0, 1, · · · , T ; l’e´tat est l’endroit ou` l’on prend une de´cision ; pour chaque e´tape en cours k, Xk
est l’ensemble des e´tats possibles ;
l’hypothe`se indique que les arcs relient toujours un e´tat d’une e´tape a` un e´tat de l’e´tape
suivante et cela dans le sens de parcours impose´ du graphe ;
u(k) ∈ Uk commande (ou controˆle) est dans la liste des de´cisions que l’on peut prendre a`
un instant k note´ Uk ; les arcs issus d’un noeud (k, x(k)) o u` x(k) ∈ Xk sont indice´s par
u ∈ Uk = U(k, x(k)) u pour la commande. u peut de´pendre de l’e´tat x. U(k, x(k)) est un
ensemble dont le cardinal est le nombre d’arcs quittant le noeud (k, x(k)).
Le graphe de´ﬁnit une e´quation dynamique de la forme :
(1.1) x(k + 1) = f(k, x(k), u(k))
car a` chaque noeud (k, x(k)) et chaque commande u ∈ U(k, x(k)), le graphe de´ﬁnit a` quel
noeud ou e´tat conduit cet arc, e´tat toujours situe´ a` l’e´tape k + 1.
Un chemin dans le graphe est une suite d’e´tats x(k), k = 0, . . . , N appele´e trajectoire. Une
trajectoire peut aussi eˆtre caracte´rise´e par l’e´tat initial x(0) et une suite de commandes
u(k), k = 0, . . . , N − 1 qui engendre une trajectoire unique a` travers l’e´quation dynamique.
4. W. Shakespeare, Henri IV, IIe partie acte I.
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Notons encore L(k, x, u) le“poids”ou la longueur (appele´e encore couˆt) de l’arc issu du noeud
(k, x) indice´ par u. Pour tout noeud terminal, notons K(x) le couˆt attache´ a` ce noeud. Alors
le couˆt d’une trajectoire, qu’il s’agit de minimiser, est donne´ par :




Il y a e´quivalence comple`te entre le graphe structure´ et une e´quation de la forme 1.1. Il y a
donc e´quivalence comple`te entre un proble`me de plus court chemin dans un tel graphe et un
proble`me de minimisation du crite`re J de 1.2 avec la dynamique de´crite par 1.1.
La programmation dynamique doit son nom a` cette interpre´tation : l’e´quation 1.1 est vue
comme de´crivant un syste`me dynamique ou` k est interpre´te´ comme un temps.
L’e´quation 1.2 de´ﬁnit une fonctionnelle additive de la trajectoire. On recherche la commande
et e´ventuellement l’e´tat initial qui minimise ce crite`re ou couˆt.
Ainsi, de´s lors que l’hypothe`se est dynamique, on retrouve la the´orie du controˆle que l’on peut
conside´rer comme une optimisation dynamique au cours du temps [4]. Prenons pour exemple
un syste`me de chauﬀage dont la tempe´rature de chauﬀe θ est re´gule´e via une commande u. On
cherche a` suivre une tempe´rature nominale donne´e x(t). Le crite`re peut indiquer : combien
on est preˆt a` payer pour se rapprocher de la trajectoire nominale ; ou encore combien on
consomme pour se rapprocher de la trajectoire nominale ; ou enﬁn, un compromis entre les
deux rendu possible par un crite`re inte´grant les variables d’e´tat et de controˆle. Cela introduit,
la synthe`se quadratique tre`s utile pour re´aliser une re´gulation multivariable.
Ces questions contrastent avec le cadre des mode`les a` optimiser de la programmation line´aire
qui sont statiques et ne pre´sentent rien d’ale´atoire ou de cache´. C’est l’apparition de ces trois
nouvelles caracte´ristiques (dynamique, e´volution stochastique et observation imparfaite de
l’e´tat) qui donne naissance a` de nouveaux types de proble`mes d’optimisation, qui requie`rent
de nouveaux modes de pense´e. Ils sont au centre de la the´orie du controˆle, qui se pre´occupe des
syste`mes dynamiques et de leur optimisation dans le temps. Cette approche peut e´galement
tenir compte du fait qu’un syste`me dynamique peut e´voluer stochastiquement et que les
variables clefs peuvent eˆtre inconnues ou observe´es de fac¸on imparfaite.
Il suﬃt de re´ﬂechir par exemple a` l’e´conomie pense´e comme un syste`me a` controˆler.
Controˆle et Optimisation
Si dans ce qui pre´ce`de, il est apparu clairement que l’optimisation serait un canevas ne´ces-
saire pour baˆtir la re´ﬂexion, les liens que nous avons exhibe´ entre optimisation et controˆle
permettront de revenir sur notre propre cheminement. Car c’est d’abord des syste`mes dyna-
miques qu’il fut question, et de la the´orie du controˆle, meˆme si toujours, et selon le principe
des mathe´matiques applique´es, il s’agira de disposer d’une bonne me´taphore de la re´alite´ qui
admette une solution nume´rique simple.
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Chapitre 2
Des proble`mes de controˆle, de leur
formulation optimale et de la question
du crite`re
Il est vrai qu’au commencement de mes travaux de recherche, la the´orie des syste`mes et le
controˆle pouvaient occulter le caracte`re optimal : soit il s’agissait d’approcher une fonction
de transfert par une fonction plus simple a` manipuler, soit il fallait controˆler l’e´tat pour
garantir que son e´volution respecte un certain nombre de proprie´te´s. Pourtant, comme nous
allons le voir a` travers quelques exemples, une formulation optimale n’e´tait jamais loin.
Approximation rationnelle pour la re´duction de mode`les
de dimension infinie
Les me´thodes de re´duction des syste`mes complexes e´tudie´s au cours de mon travail de the`se
[39] s’appuyaient sur l’hypothe`se de l’existence d’un premier mode`le mathe´matique line´aire,
de dimension inﬁnie, donnant une description de´taille´e d’un processus. De´s lors, il s’agissait,
via une proce´dure d’approximation, de de´terminer un autre mode`le line´aire de dimension
infe´rieure a` celle du pre´ce´dent et qui en soit une repre´sentation satisfaisante.
L’originalite´ de ce travail a consiste´ a` explorer des me´thodes alternatives a` l’identiﬁcation,
technique classique en the´orie du controˆle, aﬁn de trouver un mode`le rationnel qui soit le
plus proche du syste`me physique e´tudie´ (et qui reﬂe`te ses proprie´te´s) et dont l’ordre ne
de´passe pas un certain entier. Toute la diﬃculte´ e´tait alors d’expliciter le sens mathe´matique
donne´ a` - proche - en plongeant le syste`me a` identiﬁer et l’ensemble des mode`les rationnels
dans un espace vectoriel norme´. Il devenait alors possible de poser le proble`me sous forme
d’approximation rationnelle dans un espace vectoriel norme´ : le choix de la norme permettait
de disposer d’une mesure objective de l’erreur faite en identiﬁant le syste`me a` son mode`le via
un crite`re d’erreur. On avait donc, pour re´pondre a` la question de la re´duction de mode`le,
exhibe´ un paradigme optimal qui permettait de re´gler la dimension de l’approximant pour
que la valeur de l’erreur soit minimale. Pour donner du sens a` ce crite`re, par rapport aux
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proprie´te´s physiques des syste`mes dynamiques line´aires continus de dimension d’e´tat inﬁnie
e´tudie´s, on a e´tabli au cours de ce travail la qualite´ d’une norme particulie`re, la norme de
Hankel : nous nous sommes concentre´ sur l’e´tude de l’approximation au sens de la norme de





‖ y − yr ‖L2
‖ u ‖L2
ou` y repre´sente la sortie du syste`me initial yr celle du syste`me re´duit d’ordre r et ou` u
repre´sente toute entre´e borne´e pour la norme L2.
Les exemples sur lesquels nous avons de´cline´ notre approche repre´sentaient des phe´nome`nes
d’e´volution de´crits par des e´quations aux de´rive´es partielles, par rapport au temps et
aux variables d’espace
– un proble`me de diﬀusion de chaleur, de type parabolique, pour lequel nos techniques
d’approximation s’adaptaient assez directement : voir [38, 41] ; Cet exemple, est souvent
utilise´ pour traiter de questions relatives a` l’e´nergie, notamment dans l’e´criture de mode`les
multivariables complexes repre´sentant des baˆtiments. Nous avons compare´ nos techniques
d’approximation avec l’approche classique utilisant des me´thodes d’approximation modale
[37].
– de deux proble`mes hyperboliques de´crivant l’e´volution d’une poutre en ﬂexion et en
torsion, pour lesquels une me´thode originale baptise´e “relaxation” a e´te´ mise au point :
pre´alable a` l’approximation de Hankel, elle permet son application lorsque les poˆles associe´s
au syste`me hyperbolique croissent suﬃsamment rapidement (voir [40]).
Annulation d’e´cho : principe d’une commande H∞
En prolongement de ces re´sultats de´veloppe´s dans ma the`se, nous avons entrepris un travail
de recherche base´ sur les techniques de commande H∞ [6], dont on trouvera le de´tail en
annexe de ce document, pour traiter de controˆle actif d’e´cho.
La proble´matique du controˆle actif d’e´cho est un sujet qui pour nous a e´te´ initie´ par la
DRET, et motive´ par un proble`me fondamental pose´ par les sous mariniers : il s’agit de
faire en sorte que l’onde e´mise par une source ne soit pas perturbe´e, au moins sur une zone
de´termine´e, par la pre´sence d’obstacles sur lesquels elle se re´ﬂe´chit.
Les techniques developpe´es dans le cadre de la re´duction de bruit ne sont pas directement
applicables a` ce proble`me (milieu conﬁne´, localite´, pe´riodicite´ des sources...), mais la re´duc-
tion de l’e´cho a` partir de sources actives reste une ide´e fondamentale. Car si on dispose de
capteurs (micros) et d’e´metteurs (enceintes acoustiques capables de ge´ne´rer une onde sor-
tante), on peut envisager d’adapter l’e´mission des pots vibrants aux signaux de sortie des
micros, aﬁn de minimiser l’e´nergie acoustique de l’onde refracte´e.
Dans ce proble`me, la principale diﬃculte´ fut l’e´laboration de la formulation optimale qui
permette d’e´laborer, dans le cas d’une source inconnue, le controˆle annulant l’e´cho. Ici encore,
le controˆle actif est engendre´ graˆce a` des signaux de sortie choisis en re´solvant un proble`me de
commande base´ sur une formulation optimale. Le crite`re a` minimiser, base´ sur l’expression
de l’e´nergie acoustique re´ﬂe´chie, repose sur la description de l’onde perturbe´e dans le champ
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sonore incident comme superposition de l’onde re´ﬂe´chie par l’obstacle et des ondes e´mises
par des actionneurs.
Les e´tapes de l’e´laboration de la formulation sont les suivantes [6] :
– On exprime l’e´nergie asymptotique comme norme H2(Π+;L2(S2)) du champ potentiel
lointain, Π+ e´tant le demi-plan complexe, Λ(x, s) :




ou` r0(x, s) = r(x, s).











ri(x, ω)rj(x, ω) dγ.
Cette suite d’e´critures mene´e selon des conside´rations purement techniques conduit a` l’e´la-
boration d’un premier crite`re. Quelques eﬀorts supple´mentaires permettront de retrouver la
forme standard d’un proble`me de controˆleH∞, base´ sur une formulation optimale, bien connu
dans le cas ou` la fonction de transfert est rationnelle. Dans le cadre du syste`me acoustique
qui nous mobilise, la dimension du syste`me est inﬁnie. Il faudrait alors pour expliciter une
solution, de´ployer des approches de´rive´es, comme l’approximation au sens de la norme de
Hankel pre´ce´demment expose´e, de techniques frequentielles multi-variables pour les syste`mes
de dimension inﬁnie.
Quelques anne´es plus tard, nous reviendrons sur la question duale de celle aborde´e ci dessus
a` la faveur d’un projet de recherche de´die´ a` la ”se´curite´ des biens, des personnes et des
installations pre´sents dans une zone maritime sensible” du Poˆle MER PACA, labellise´ en
Juillet 2005. Alors que le point de vue du sous marinier recherchait une dissimulation de
son propre baˆtiment, les techniques recherche´es dans le cadre du projet SECMAR devaient
au contraire permettre de de´tecter les trajectoires de baˆtiments ou engins en mouvement a`
l’aide d’un ensemble de capteurs. L’objectif e´tant d’assister le re´gulateur d’un port maritime
dans son repe´rage d’intrus : navires en dehors de leur trajectoire nominale voir embarcations
le´ge`res menac¸antes. L’approche scientiﬁque fut alors assez diﬀe´rente et impliqua deux niveaux
de re´ﬂexion de´veloppe´s au cours de deux the`ses.
Le premier niveau reprenait des approches permettant la de´tection de source, aﬁn d’ optimiser
le positionnement de capteurs et de localiser des sources acoustiques passives [57, 56].
Le second niveau visait a` caracte´riser le comportement de baˆtiments se de´plac¸ant en zone
surveille´e, en s’appuyant notamment sur des mode`les de markov cache´s [71, 70] et en leur as-
sociant une description base´e sur un formalisme hybride faisant communiquer des processus
dynamiques continus et e´ve´nementiels [62, 63] : ce formalisme oﬀre un cadre particulie`rement
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adapte´ aux proble`mes qui se de´composent en taˆches continues de type suivi (de trajectoire)
et en taˆches e´ve´nementielles (re´action a` une modiﬁcation de l’environnement, ou de compor-
tement).
Si des me´thodologies ont e´te´ mises en oeuvre avec succe`s au cours des travaux de recherche
de nos deux doctorants [56] [69], la complexite´ de la de´tection de comportement suspect
reste entie`re. La de´ﬁnition associe´e dans les travaux pre´ce´dents s’est appuye´e sur l’e´cart a`
la trajectoire nominale, calibre´e par apprentissage sur les donne´es fournies par le port, via
une me´thode de pre´diction de manoeuvres et par abus de comportement, a` base de chaˆınes
de Markov cache´e [70] ; elle permet de de´tecter une alarme pour une erreur au dela` d’une
limite, apprise elle aussi. Il s’agit donc ici, non pas de conside´rer le comportement suspect
comme constitutif du crite`re, mais de l’y transcrire de fac¸on de´tourne´e, via la re´fe´rence a`
une classe de trajectoires admissibles. Ceci souligne la complexite´ de la formulation optimale
d’un proble`me ou` il s’agit de rendre compte, au dela` d’e´le´ments d’appre´ciation technique
(issus de la physique, la me´canique, la ﬁnance, . . . ), du fait que l’homme est au centre de la
boucle.
C’est dans le cadre d’un projet ﬁnance´ par le programme PREDIT du Ministe`re des trans-
ports HYBRISIM (HYBRId SIMulation) labellise´ dans le cadre du PREDIT 2002-2005 en
partenariat avec Renault et le Colle`ge de France (LPPA) : commande et perception de
conduite que nous avons e´te´ pour la premie`re fois initie´s a` cette diﬃculte´.
Restitution de la perception et de la sensation dans un
simulateur de conduite
Quelques e´le´ments de contexte pour commencer, pour ceux qui ne seraient pas familiers
avec les simulateurs de conduite. Leur motivation est multiple, mais un des e´le´ments qui a
favorise´ leur de´ploiement au sein des constructeurs automobiles est la question de la se´curite´
routie`re, pre´occupation majeure au sein de l’Union Europe´enne. Cette question a engendre´
la ge´ne´ralisation de syste`mes de se´curite´ passive dans les ve´hicules et le de´veloppement des
syste`mes d’aide a` la conduite qui permettent d’augmenter le confort et la se´curite´ active du
conducteur.
L’eﬃcacite´ re´elle de ces diﬀe´rents syste`mes de´pend tout autant de leur ﬁabilite´ technolo-
gique que de leur ade´quation aux taˆches de conduite vise´es. Leur processus de validation
est re´alise´ au moyen d’essais statiques en environnement controˆle´ (laboratoire) et d’essais
re´els sur piste ou sur route par des essayeurs experts : d’une part de nombreux essais re´els
sont ne´cessaires et re´clament la construction d’autant de prototypes ; d’autre part certains
tests sont biaise´s par l’expertise des essayeurs ou restent techniquement irre´alisables pour
des raisons de se´curite´.
C’est particulie`rement vrai des situations de circulation critiques comme le freinage d’ur-
gence, l’e´vitement, la survitesse en virage, la variation d’adhe´rence, la pre´sence d’un obstacle
impre´vu ou bien des situations de perte de vigilance ou d’attention lie´es a` des pathologies
ou des prises me´dicamenteuses.
Aussi, pour que les futurs syste`mes d’aide a` la conduite contribuent eﬃcacement a` la se´curite´
routie`re, l’e´tude du couple ve´hicule conducteur doit eˆtre pre´sente de`s les phases de concep-
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tion et ne doit pas se limiter a` une validation a posteriori sur prototype roulant de se´rie.
C’est pourquoi, le simulateur de conduite, qui apporte une re´ponse de´ja` valide´e pour son
eﬃcacite´ dans le cadre d’e´tudes ergonomiques, d’interfaces ve´hicule conducteur et de confort
a e´te´ adopte´ comme outil d’e´tude du couple ve´hicule conducteur. La limitation des de´pla-
cements des plateformes de simulation rendant complexe la restitution des mouvements du
ve´hicule au conducteur, notre contribution devait permettre aux simulateurs en cours de
de´veloppement de re´pondre a` ces besoins avec un double objectif :
1. ame´liorer la performance de restitution inertielle des simulateurs ;
2. approfondir la connaissance du comportement du conducteur dans les situations cri-
tiques graˆce a` l’apport de la mode´lisation hybride.
Le premier objectif plac¸ait d’emble´e la question de la repre´sentation de la perception du
mouvement au centre du proble`me de mode´lisation ; il fallait :
– de´ﬁnir le crite`re permettant de mesurer la perception par l’homme du mouvement d’un
ve´hicule ;
– restituer les e´le´ments ne´cessaire a` la reproduction de cette perception via la plateforme
dynamique de simulation.
La question de la de´ﬁnition du crite`re permettant de mesurer au mieux la perception s’est
alors ave´re´e centrale.
Une analyse syste´matique des mode`les connus de perception a e´te´ re´alise´e [25] pour com-
prendre le me´canisme des capteurs vestibulaires (otholiques et semi-circulaire), la perception
du mouvement propre par vection (immobilite´ de la sce`ne visuelle alors que l’observateur
se perc¸oit en mouvement) et d’en re´aliser des mode`les : en eﬀet, les acce´le´rations physiques
du conducteur n’e´tant pas celles qu’il perc¸oit (seuils de de´tection, ambigu¨ıte´ sensorielle,..)
des mode`les de perception de son acce´le´ration propre ont e´te´ inte´gre´s dans les strate´gies de
commande des plateformes [26] aﬁn de restituer une sensation d’acce´le´ration aussi proche
que possible de celle perc¸ue dans le monde re´el.
D’autre part, en simulation de conduite, la restitution des indices inertiels se fait a` l’aide
de plateformes me´caniques (sie`ges vibrants, plateforme de Gough-Stewart) a` base ﬁxe ou
mobile. Du fait des limitations me´caniques des plateformes (excursion et dynamique des
ve´rins, espace de travail limite´, ...) il n’est pas possible de reproduire a` l’identique les ac-
ce´le´rations qu’un conducteur perc¸oit en situation re´elle de conduite et un compromis doit
eˆtre re´alise´ entre la restitution des indices inertiels et le maintien de la plateforme dans ses
limites physiques.
Ce compromis doit eˆtre choisi de fac¸on a` maintenir une ” unite´ perceptive ” du conducteur,
c’est-a`-dire de fac¸on a` re´duire autant que possible les conﬂits sensoriels provoque´s par des
incohe´rences temporelles (de´calage dans le temps entre les signaux sensoriels perc¸us par le
conducteur) ou par des incohe´rences spatiales (perception diﬀe´rente des de´placements dans la
sce`ne visuelle et dans l’espace de la plateforme.) 1 Pour re´aliser un tel compromis, et au dela`
des strate´gies de commande de plateforme classiques, une approche de´die´e a e´te´ e´labore´e.
Aﬁn de pallier aux de´fauts e´value´s sur la plate forme existante, dont la dynamique in-
certaine [25] de´pend de la position qu’elle occupe, et dont les axes sont couple´s, il s’est
ave´re´ pertinent de mettre au point d’un simulateur dynamique d’une plateforme six axes
de type Gough-Stewart prenant en compte les dynamiques et les contraintes des verins [24].
1. Ces conflits sont conside´re´s comme la cause principale du mal du simulateur (vertiges, oscilloscopie,
sue´es, nause´es).
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Ce simulateur, comple`tement parame´trable, a alors permis de tester diﬀerentes strate´gies
de commande de la plateforme et de leur associer un “indice de performance” mesurant la
qualite´ de la restitution du mouvement et la qualite´ d’utilisation de l’espace de travail du
robot, [27], [26].
Paralle`lement, a` la mise au point d’un simulateur dynamique, une nouvelle approche de la
restitution d’indices inertiels reposant sur des techniques de planiﬁcation des trajectoires
(Model based Predictive Control) prenant explicitement en compte les contraintes physiques
et perceptives [16], [17] a prouve´ garantir une meilleure utilisation de l’espace de travail
constructeur du robot, et eˆtre moins sensible a` l’erreur de mode`le (seule la premie`re com-
mande est applique´e) ; par ailleurs, elle minimise les conﬂits sensoriels car les contraintes
de perception sont inte´gre´es dans le calcul de la commande. En eﬀet, lorsque la plateforme
arrive en bute´e aucun indice sensoriel n’est restitue´ et un second algorithme de retour en
position neutre, inde´pendant du premier, permet de diminuer les conﬂits sensoriels. Les re´-
sultats obtenus en simulation ont e´te´ conﬁrme´s lors des essais sur la plateforme prototype
de nouvelle ge´ne´ration de´veloppe´e alors par Renault, la plateforme ULTIMATE [16], [15].
La synthe`se d’un controˆle permettant de restituer les sensations d’un conducteur embarque´
dans le simulateur s’est ave´re´e fructueuse graˆce a` l’inte´gration de la sensation subjective
ressentie par l’homme et a` l’exploitation du de´placement de la plateforme dynamique en
un crite`re unique. Son e´laboration a ne´cessite´ de s’appuyer sur des de´marches classiques du
controˆle, ne´cessitant pour l’e´laboration du formalisme optimal une incursion essentielle dans
les sciences cognitives graˆce a` une collaboration avec le LPPA au Colle`ge de France.
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Chapitre 3
Des proble`mes complexes lie´s a`
l’e´nergie et au climat
On voit se dessiner donc le socle d’une approche scientiﬁque, fonde´e sur ce paradigme d’opti-
malite´ et qui se de´cline dans une vision disciplinaire transversale, pour traiter d’applications
complexes.
Et dans cette vision transdisciplinaire, nous rejoignons Marie-Anne Frison-Roche dans le
constat de : ”l’exigence paradoxale de la transdisciplinarite´ : l’accueil de l’autre assorti a`
l’ignorance bienvenue de son savoir”.
Encore fallait-il que se dessine une application privile´gie´e. Le contexte nous a e´te´ particulie`-
rement favorable pour faire e´merger une histoire passionnante tant par sa complexite´ scien-
tiﬁque intrinse`que que par ses enjeux contemporains et pour les ge´ne´rations futures : il s’agit
des questions d’e´nergie et de climat. En 2012, l’implication de la communaute´ scientiﬁque
et des mathe´maticiens en particulier sur ce sujet n’est plus conteste´e, voire est encourage´e.
En 1999, les choses n’e´taient pas aussi simple et il nous parait inte´ressant de revenir sur
la gene`se de notre inte´reˆt pour ces questions. Le point de de´part de notre implication est
la de´re´glementation des marche´s de l’e´nergie, initie´e par une directive europe´enne en 1996.
Nous avions l’intuition que nous assistions a` une mutation profonde du monde de l’e´nergie,
et que nos compe´tences seraient utiles a` son accompagnement. Et pour mieux s’y pre´parer il
nous fallait comprendre les bouleversements en cours : c’est a` cette ﬁn que nous avions fait
en Octobre 1999 une analyse de ce qui se disait dans le quotidien Le Monde entre De´cembre
1998 et Avril 1999 principalement, qu’il nous parait inte´ressant de retranscrire ici.
Les modifications de la donne e´nerge´tique, N. Ma¨ızi,
Octobre 1999
Les conse´quences de la directive europe´enne du 19 De´cembre 1996 ayant pour objet l’ou-
verture progressive du marche´ de l’e´lectricite´, en France a` partir du 19 Fe´vrier 1999, sont
multiples : cette future de´re´glementation aura pour eﬀet de complexiﬁer l’approvisionnement
e´nerge´tique pour des groupes qui connaissent des contextes nationaux variables.
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Te´moins d’he´ritages particuliers 1 les e´che´anciers mis en place suivant les pays pour l’appli-
cation de cette directive sont radicalement diﬀe´rents :
– l’e´che´ancier franc¸ais est progressif et a` minima 2
– les autres e´tats ont adopte´ un calendrier ou` l’ouverture a` la concurrence est beaucoup plus
rapide 3 .
Dans le contexte du monopole historique d’EDF la transposition de cette directive au ni-
veau franc¸ais est plus diﬃcile que partout ailleurs 4 . Cela se traduit par un certain nombre
d’amendements au projet de loi initial, conce´de´s dans le but d’obtenir l’abstention du groupe
communiste au cours du vote de l’assemble´e 5 ; sont ainsi adopte´s un certain nombre de prin-
cipes qui ne tiennent pas force´ment compte des dole´ances des nouveaux entrants tels Vivendi
(ex-Ge´ne´rale des eaux), Suez-Lyonnaise des eaux et Air Liquide 6 et des craintes formule´es
par les observateurs 7 ; ainsi ils correspondent plutoˆt au souci de pre´server un certain nombre
de garanties a` EDF aﬁn de conserver son roˆle pre´dominant 8 ; il s’agit des mesures suivantes 9
– clause de re´ciprocite´ avec les e´trangers : prote´geant le marche´ franc¸ais elle freine ne´anmoins
la pe´ne´tration sur le plan europe´en des franc¸ais
– e´largissement du principe de spe´cialite´s
– cre´ation d’une commission de re´gulation de l’e´lectricite´ (CRE) : elle fait suite aux pre´oc-
cupations e´nonce´es dans le rapport de Ge´raut Guibert sur la ”politique e´nerge´tique de la
France” 10
– mis en place d’un GRT (gestionnaire du re´seau de transport) : il est responsable notamment
de la ﬁxation du prix du ”timbre-poste”.
La France ayant pris l’option la plus lente pour aborder cette nouvelle situation concurren-
tielle, il est inte´ressant d’analyser ce qui se passe sur les marche´s qui sont entre´s directement
dans une logique ultra libe´rale et de souligner la strate´gie mise en place par les grands groupes
pour tirer proﬁt de la nouvelle le´gislation.
Voyons le cas allemand : on peut
– y observer les proble`mes concrets qui se posent dans ce pays ou` l’option ouverture a` 100%
a e´te´ adopte´e 11 et de noter que si les grands groupes industriels ont des arguments pour
ne´gocier les prix a` la baisse, les PME et les particuliers sont totalement exclus de ce type
d’exercice ;
– constater que les entreprises comme EDF limite´es the´oriquement par la clause de re´cipro-
cite´ 12 tentent d’investir le marche´ allemand ;
1. Le marche´ europe´en de l’e´lectricite´ s’ouvre a` la concurrence, D. Gallois, Le Monde 17/02/99, p 16
2. La France accepte la libe´ralisation a` contre-coeur, D. Gallois, Le Monde 17/02/99, p 16
3. La de´re´glementation selon les pays, Le Monde 10/12/98, p20
4. Le marche´ europe´en de l’e´lectricite´ s’ouvre a` la concurrence, D. Gallois, Le Monde 17/02/99, p 16
5. La libe´ralisation du marche´ de l’e´lectricite´ limite´e par les de´pute´s, D. Gallois et J.B. De Montvalon,
Le Monde 20/02/99, p 21
6. Les dole´ances des nouveaux entrants, Martine Orange, Le Monde 10/12/98, p 20
7. Quelle concurrence sur le marche´ de l’e´lectricite´ ?, Philippe Delelis et Franc¸ois Essig, Le Monde
12/12/98, p 14
8. Le marche´ de l’e´lectricite´ s’ouvre progressivement a` la concurrence en France, Dominique Gallois, Le
Monde 10/12/98, p 20
9. La France accepte la libe´ralisation a` contre-coeur, D. Gallois, Le Monde 17/02/99, p 16
10. Pour l’e´nergie, le PS estime ne´cessaire une re´gulation publique, Michel Noblecourt, Le Monde 15/01/99,
p 6
11. Les de´buts he´sitants de la concurrence en Allemagne, Philippe Ricard, Le Monde 17/2/99, p17
12. Les projets d’EDF outre-Rhin de´rangent les e´lectriciens allemands, Philippe Ricard, Le Monde 5/3/99,
p16
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– noter les de´boires des ame´ricains qui veulent e´galement attaquer le marche´ allemand 13
avec une strate´gie agressive et de´ja` bien rode´e 14 .
De fac¸on ge´ne´rale, on observe que les grands groupes se restructurent pour tirer au mieux
proﬁt de la situation concurrentielle engendre´e par la de´re´glementation 15 . Pour exemple
Suez-Lyonnaise et Tractebel : limogeage du patron de cette dernie`re qui voulait s’associer a`
Electrebel ce qui aurait eu pour conse´quence une perte de la position majoritaire de´tenue
par l’actionnaire SGB (Socie´te´ Ge´ne´rale de Belgique) ﬁliale de Suez-Lyonnaise 16 .
Ainsi et comme le constate B. Dessus 17 ”l’Europe de l’e´nergie se construit a` grands pas
autour de l’interconnexion des re´seaux d’e´lectricite´ et de gaz et l’ouverture des marche´s
a` tous les producteurs d’e´nergie avec la be´ne´diction de nos gouvernants”. Ceci intervient
au moment ou` la tendance est a` la diversiﬁcation car le contexte e´nerge´tique mondial a
comple`tement change´ : en te´moignent
– les inde´cisions sur le renouvellement du parc nucle´aire en 2010 et la poursuite de l’EPR
(European Pressurized Reactor) en collaboration avec Siemens et les e´lectriciens allemands
suite a` la de´cision de l’abandon par l’Allemagne de la ﬁlie`re nucle´aire 18 ; d’autant que le
rapport ”Energie 2010-2020” du commissariat ge´ne´ral au plan indique que la France est
sure´quipe´e pour ce qui est de son parc nucle´aire 19 ;
– la vocation des e´tats a` tenir les engagements pris en de´cembre 1997 a` Kyoto quant a` la
re´duction des e´missions polluantes 20 ;
– la compe´titivite´ nouvelle du gaz, et l’e´mergence de nouveaux types d’installations : exploi-
tant la coge´ne´ration ou a` cycle combine´ elles fournissent chaleur et courant 21 .
Cet e´tat des lieux justiﬁe les pre´occupations e´nonce´es par Francois Roussely PDG d’EDF
nomme´ en Juillet 1998 dans la question suivante : ”comment une entreprise qui a baˆti sa
prospe´rite´ sur cinquante ans de monopole e´lectrique dans un seul pays pourra se de´velopper
comme fournisseur d’e´nergie dans un univers concurrentiel ?” 22 . Toujours dans le meˆme
ordre d’ide´es, il de´clare le 13 mars 1999 : ”l’ouverture a` la concurrence transforme les re`gles
du jeu sur les marche´s e´lectriques et transforme le me´tier d’EDF” 23 . Ceci signiﬁe que face
aux changements de la donne e´nerge´tique et des re`gles de concurrence, les professionnels
sont conscients qu’il ne faut pas simplement faire e´voluer les mentalite´s mais qu’il faut
e´galement envisager une transformation du me´tier. Autres te´moignages de cette prise de
conscience :
– la me´ﬁance des anciens de Tractebel vis a` vis de J.-P. Hansen nouvellement nomme´ a` la
13. Les projets d’EDF outre-Rhin de´rangent les e´lectriciens allemands, Philippe Ricard, Le Monde 5/3/99,
p16
14. La croisade europe´enne de l’ame´ricain Enron, Marc Roche, Le Monde 2/4/99, p20
15. La fringale des grands patrons, Le Monde 30/3/99, p 1
16. Suez-Lyonnaise re´affirme son roˆle de premier actionnaire de Tractebel, Martine Orange et Luc Rosenz-
weig (a` Bruxelles), Le Monde 15/1/99 et Suez-Lyonnaise des eaux transfe`re en Belgique son poˆle e´nergie,
Martine Orange et Luc Rosenzweig (a` Bruxelles), Le Monde, 18/3/99
17. Maˆıtriser et diversifier l’e´nergie, Le Monde 23/1/99, p13
18. La de´cision allemande va contraindre les industriels franc¸ais a` acce´le´rer leur restructuration, Dominique
Gallois, Le Monde 21/1/99, p6
19. Climat et Europe, des choix de´terminants, Herve´ Kempf, Le Monde 21/1/99, p7
20. Climat et Europe, des choix de´terminants, Herve´ Kempf, Le Monde 21/1/99, p7
21. Le gaz naturel, un concurrent se´rieux, Dominique Gallois, Le Monde 1/12/98, supple´ment et Gaz de
France a connu en 1998 une anne´e record, Dominique Gallois, Le Monde 10/2/99
22. M. Roussely : malgre´ son retard, EDF est preˆte a` affronter la concurrence, 19/2/99, p17
23. EDF entre sans e´tats d’aˆme dans la concurrence, Dominique Gallois, 13/3/99, p18
51 Me´moire de HDR - N. Ma¨ızi (MINES ParisTech)
20 juillet 2012
CHAPITRE 3. DES PROBLE`MES COMPLEXES LIE´S A` L’E´NERGIE ET AU CLIMAT
teˆte de cette entreprise parce qu’il ”a travaille´ toute sa vie dans le secteur re´glemente´” 24 ;
– la de´marche d’Enron 25 , compagnie e´nerge´tique ame´ricaine, est exemplaire : ce groupe
est de´crit comme e´tant un ”ve´ritable supermarche´ du ne´goce e´nerge´tique” et l’on dit
de son directeur ge´ne´ral pour l’Europe qu’il appartient a` une nouvelle race d’e´lectri-
ciens : ceux ”qui s’eﬀorcent de fournir une solution e´nerge´tique aux besoins spe´ciﬁques
du client”, les ”power marketeer” ou interme´diaires en e´lectricite´ 26 .
Pour aller plus loin, il faut e´galement souligner le fait qu’en Europe, ”la de´re´glementation”,
voulue par Bruxelles ”est en train de modiﬁer toute la carte de l’e´nergie du continent”.
Les groupes diversiﬁent non seulement leur oﬀre en terme de produit (eau, traitement des
de´chets) mais e´galement en fonction de leurs interlocuteurs (on ne traite plus le client de fac¸on
collective mais de fac¸on diﬀe´rencie´e). 27 . Exemplaires a` ce sujet, les marche´s de´ja` remporte´s
par Air Liquide au de´triment d’EDF 28 . Ainsi la de´re´glementation est en train d’ope´rer une
mutation dans le me´tier 29 , mais e´galement dans les services oﬀerts par les grands groupes.
C’est ce qui a e´te´ revendique´ par EDF et baptise´ dans le projet de loi vote´ a` l’assemble´e
nationale : ”l’e´largissement du principe de spe´cialite´s”.
Il ne faut pas s’e´tonner du type de diversiﬁcation 30 choisis par les groupes car comme le
souligne I. Ramonet 31 : ”Les entreprises privatise´es sont particulie`rement prise´es par les
investisseurs car elles ont be´ne´ﬁcie´ d’une restructuration ﬁnance´e par l’Etat et, de surcroˆıt,
leurs dettes ont e´te´ e´ponge´es. Elles repre´sentent des placements fort attractifs. En particulier
celles des secteurs de premie`re ne´cessite´ (e´lectricite´, gaz, eau, transports, te´le´communication,
sante´) qui assurent un revenu re´gulier tre`s rentable, de´nue´ de risque, et ou` des investissements
pre´alables pouvant durer des de´cennies ont e´te´ faits par l’Etat.”
Contexte et motivations
De´s lors, la de´re´glementation des marche´s de l’e´nergie, ne´cessite des acteurs traditionnels
qu’ils s’adaptent a` la nouvelle donne concurrentielle et changent en profondeur leurs compor-
tements. Les exemples d’adaptation sont nombreux. Aujourd’hui, EDF, l’acteur historique
franc¸ais, ouvre son monopole et aﬀronte de nouveaux producteurs sur un marche´ restreint
de clients e´ligibles (selon la directive europe´enne, un seuil de consommation d’e´lectricite´
de´termine l’e´ligibilite´ des consommateurs). Dans un avenir proche, l’ouverture du marche´
sera totale et chaque consommateur choisira son fournisseur librement. Pour conque´rir ces
nouveaux marche´s, les strate´gies des producteurs sont diverses : oﬀrir de nouveaux services
(associer a` l’e´nergie la fourniture d’eau par exemple), proposer des conseils et audits (pour
la maˆıtrise de la consommation, la re´habilitation d’installations), rede´ﬁnir les contrats de
fourniture...
24. Suez-Lyonnaise des eaux transfe`re en Belgique son pole e´nergie, Martine Orange et Luc Rosenzweig (a`
Bruxelles), Le Monde, 18/3/99
25. Remarque de Juillet 2012 : non, personne n’anticipait alors ce que serait la retentissante faillite de la
multinationale en De´cembre 2001 !
26. La croisade europe´enne de l’ame´ricain Enron, Marc Roche, Le Monde 2/4/99, p20
27. Les services collectifs suscitent de nouvelles convoitises, Martine Orange, Le Monde 2/4/99, p20
28. Air Liquide un acteur atypique face a` EDF, Martine Orange, Le Monde, 15/4/99, p20
29. Le supermarche´ londonien de l’e´lectricite´, Marc Roche, Le Monde, 15/4/99, p20
30. Les principaux intervenants en Europe, Le Monde 2/4/99, p20
31. Firmes ge´antes, Etats nains, Ignacio Ramonet, Le Monde Diplomatique, 06/98, p1
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Par ailleurs, la pression environnementale de plus en plus pre´sente dans le contexte national
et international contraint l’oﬀre des acteurs en concurrence (suppression des e´missions de
soufre, ratio minimum d’e´nergies renouvelables dans les productions nationales en Europe...).
Enﬁn, dans le cadre des eﬀorts de restrictions des e´missions de gaz a` eﬀet de serre, les me´-
canismes propose´s aux E´tats par le protocole de Kyoto sont nombreux, complexes et non
encore de´ﬁnitifs. Une analyse ﬁne de leurs implications sur le marche´ de l’e´nergie s’impose
aﬁn de de´terminer le meilleur compromis e´conomique pour chaque acteur.
Nous allons revenir plus particulie`rement sur deux de´veloppements originaux dans ce contexte
toujours base´ sur la construction de l’approche optimale adapte´e : une e´tude sur l’optimi-
sation d’un site de coge´ne´rations et couˆts marginaux associe´s [44] ; un projet ﬁnance´ par
l’ADEME et re´alise´ en collaboration avec L’INRIA, de´cline´ dans le contexte des marche´s
ﬁnanciers de l’e´lectricite´ et du carbone et des engagements climatiques autour de l’usage du
concept de ”pricing par indiﬀe´rence” [45], [60], [7].
Optimisation d’un site de coge´ne´rations
Le but de cette e´tude consistait a` mesurer l’avantage pour un ope´rateur de proposer a` ses
clients une oﬀre multi-e´nergies associant e´lectricite´ et chaleur a` partir d’un parc de production
distribue´e de coge´ne´rations. Quelles puissances a-t-il inte´reˆt a` installer sur chacun de ses
sites clients ? Comment doit-il arbitrer entre son parc de production distribue´e et un marche´
d’approvisionnement en e´lectricite´ ? Telles sont les questions auxquelles on va s’eﬀorcer de
re´pondre et dont les e´le´ments lie´s a` l’e´tude des couˆts marginaux d’ope´ration sont de´taille´s
dans la publication suivante.
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Optimal operational loads for distributed cogeneration power plants
Nadia Maı¨zi1,∗ andMarc Bordier1,∗∗
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The purpose of this paper is to determine the operating mode of a cogeneration system that minimises its overall cost of
operation. The optimisation procedure is achieved in two steps:
 First, we consider a single unit and we develop a convex but non differentiable formulation for the operating cost.
Furthermore an explicit expression for the optimal operational mode parametrized with heat and power consumer demand
and with electricity market price, is obtained;
 Then, we express for the distributed cogeneration system the overall operating cost. This objective function is still convex
and non differentiable and the optimisation procedure requires subdifferential calculus, via the Moreau-Rockafellar and
the Duboviskii-Milyutin theorems [1].
The ﬁnal result describing the best operating mode for the overall set of cogeneration units relies on the ordered sequence
of marginal costs associated with the different operational modes for each unit. It indicates that the optimal operation of the
distributed cogeneration system is achieved through an economic dispatch mode.
1 Supplying Power versus Heat and Power
A cogeneration system provides electrical (or mechanical) and useful thermal energy from the same primary energy source [3].
When comparing efﬁciencies between cogeneration and separate production of electricity and heat, it appears that cogeneration
allows considerable savings in fuel consumption. But, beside these important environmental issues, economical viability of a
cogeneration project is still challenging for operators especially when a set of cogeneration units is concerned. Economical
viability relies on many factors, among which how to operate each unit. In this study, we shall focus on the heat-match mode
where the operator’s priority is to satisfy the local heat consumer demands. When these demands are satisﬁed (possibly by
means of auxiliary boilers), the amount of excess electricity is exported to the grid, while the lack of electricity is bought from
an electricity market. In this framework, we shall consider an operator who operates over a given designed (technology, size,
location) set of cogeneration units and we shall tackle the following question : what are the optimal unit operational loads that
minimise the total cogeneration operation cost.
2 Optimal operating load for a single unit
In the following, we consider only reciprocating internal combustion engine cogeneration systems. These are the most
widespread cogeneration systems because of their high efﬁciencies, their availability in a broad range of powers (15 kW-
50MW) and their operability on a broad range of fuels (from natural gas to residual fuel oil) [3]. The engine drives the power
generator and heat is recovered from cooling circuits (oil,water,air) and exhaust gasses. In small engines, only hot water is
recovered.
Combustion engine cogeneration systems have interesting thermal properties. They can operate within a wide range of
electrical load and, at ﬁrst approximation, their total efﬁciency is insensitive to load variations. Moreover, within the operating
range, we can consider that electricity and heat productions are related to each other by an afﬁne relation. Denoting by m
the electrical operating load (0 ≤ m ≤ 1), by ρheat(m) and ρelec(m) the thermal and electrical efﬁciencies, by Pheat(m) and
Pelec(m) the corresponding thermal and electrical productions and ﬁnally by ρ the constant total efﬁciency of the system, we
can model the combustion engine by the following two equations
ρ = ρheat(m) + ρelec(m) αPelec(m) + β Pheat(m) = Cste
Cogeneration is the combined production of electrical and useful thermal energy from the same primary energy source. To
deﬁne cogeneration efﬁciency, we have to consider energy savings when comparing cogenerated and separate productions of
electricity and heat. This is done using an exergetic point of view. For a load m and heat production Pheat(m), let us deﬁne
the useful heat production by τ Pheat(m) (0 ≤ τ ≤ 1). To produce the same amount of heat with a boiler of efﬁciency ρboiler
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we should have used a fuel power equal to τ Pheat(m)/ρboiler. These considerations lead to an equivalent electrical efﬁciency

















where Cfuel is the fuel cost and Comf is the ﬁxed operation and maintenance costs (that do not depend on the useful energy).
Let P demandheat be the consumer heat demand, and let us suppose the engine operates at load m. Since cogeneration
efﬁciency is an increasing function of τ , the best cogeneration efﬁciency is obtained for the maximum energy savings and is
given by
ρ⋆(m) = ρequiv(m, τ






But, given a load m, when operating at the maximum cogeneration efﬁciency, neither the heat demand nor the electrical
demand are necessary fulﬁlled. In particular, when electrical production is not sufﬁcient, electricity must be bought from the
market at some price pelec. Actually, the loads at which electricity or heat demands are fulﬁlled play an essential role. They
will be denoted respectively by w and λ. Let us remark that, when operating at the maximum cogeneration efﬁciency, λ and
w depend only on the engine characteristics and on the heat and electricity demands.
Then, combining the expressions above together with some algebra, the total operating cost for a cogeneration unit can be
shown to be given by the following expression
C(m,λ,w) = pelec max(0, w −m) + max
i=1,...,3
( ai(λ,w) + bi(λ,w)m )
where bi(λ,w) (i = 1, 2, 3) is a positive increasing sequence for every given λ and w. For given heat and electricity




C(m,λ,w) subject to m ∈ [0, 1]
For any given λ and w, the cost function C(m,λ,w) is clearly convex as a sum of convex functions [2] of m but it is not
everywhere differentiable. Its subdifferential ∂C(m,λ,w) wrt. m is easily obtained and the optimality condition forces
the optimal operating mode to take one the following values m⋆ ∈ {0 , λ , w , 1} according to the relative position of the
market price pelec wrt. to the bi(λ,w){i=1,2,3} and to the relative positions of λ and w wrt. 0 and 1. It is noteworthy that
the bi(λ,w){i=1,2,3} which depend on the economic and thermodynamic characteristics of the cogeneration system, can be
interpreted as marginal operating costs and that the optimal operating load is obtained by “merit order” scheduling.
3 Optimal operating loads for distributed CHP (Combined Heat and Power) units
When operating distributed CHP units, heat production is still local but electricity can be exchanged between units through
the network at some cost. To obtain the total operating cost, let us deﬁne for unit i (i = 1, 2, . . . , N) its operating load mi,
its relative weight αi wrt. the overall installed power, its characteristic loads λi and wi deﬁned as above via the local heat and
electricity consumer demands and let us denote by Ci(mi, λi, wi) its operational cost. Then the total operating cost is














and the optimization problem reads
min
(m1,....mN )
C(m1, . . . ,mN ) subject to (m1, . . . .mN ) ∈ [0, 1]
N
It can be shown [2] that the cost function is convex but, as above, not everywhere differentiable. However, the subdifferential
can be obtained through the Moreau-Rockafellar theorem (sum of subdifferentials) and the Duboviskii-Milyutin theorem (sub-
differential of the supremum of a ﬁnite family of convex functions) that yield an explicit formulation of the optimal solution.
Once again, this solution has an economical interpretation in terms of the different operating marginal costs for each unit
and can be proved to express as a merit order scheduling.
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Valeur carbone court terme : pricing par indiffe´rence
Ce travail est re´alise´ dans le cadre d’un contrat ADEME en collaboration avec l’INRIA et
nous reprenons ici quelques e´le´ments du rapport interme´diaire [7].
Le marche´ europe´en de permis d’e´mission de CO2 (EU ETS (european emission trading
system)), qui existe depuis 2005, a e´te´ conc¸u comme un moyen d’encadrement et d’accompa-
gnement de la re´duction des e´missions de CO2 voulue par l’Union Europe´enne dans certains
secteurs de l’industrie (notamment la production d’e´nergie, les industries mine´rales, de la
me´tallurgie et du papier).
Notre approche propose de s’interroger sur l’eﬃcacite´ d’un tel dispositif quant aux re´ductions
eﬀectives d’e´missions de CO2 . Nous avons e´labore´ un mode`le dont le de´veloppement et l’ana-
lyse quantitative devraient fournir un outil d’analyse a priori du comportement en termes
d’e´missions d’un agent (un industriel) participant a` l’EU ETS. L’e´tude de la sensibilite´ de
l’agent aux parame`tres du marche´ devrait permettre d’e´laborer un design (de marche´ et donc
un choix des parame`tres) qui soit cohe´rent avec les objectifs de re´ductions des e´missions de
CO2 ﬁxe´s par le re´gulateur.
Les premie`res re´ﬂexions se sont porte´es sur le secteur de l’e´lectricite´ et la position d’un
producteur d’e´lectricite´ devant arbitrer entre les options suivantes :
– couvrir annuellement ses e´missions de gaz
– ou payer une pe´nalite´.
Le producteur d’e´lectricite´ posse`de un parc de production constitue´ de n moyens diﬀe´rents
de production (centrales thermiques, nucle´aires, barrages, e´oliennes...). Ce producteur est
soumis au syste`me des quotas d’e´mission de CO2. Pour une pe´riode de gestion donne´e, il
doit optimiser un plan de production, qui engendre des e´missions de CO2. Son arbitrage peut
s’appuyer sur l’achat/vente de quotas de CO2 a` un prix plus ou moins e´leve´.
De´terminer la position du producteur dans ce marche´ des permis, analyser son prix d’achat/vente
constituent les objectifs de cette mode´lisation.
Notre choix me´thodologique[60] consiste a` estimer le prix d’indiﬀe´rence des permis, qui
– rend compte d’une optimisation individuelle pour un agent (un producteur) par rapport
au marche´ de CO2 et par rapport au marche´ de l’e´lectricite´, et ainsi reste sensible au mix
e´nerge´tique du portefeuille de production,
– capture la valeur limite en dessus/en dessous de laquelle, l’agent est inte´resse´ a` vendre/acheter
des permis,
– de´pend de l’aversion au risque de l’agent,
– permet de mesurer la sensibilite´ d’un producteur au plan d’allocation et au design de la
pe´nalite´ en cas de non conformite´,
– mais ne constitue pas une mode´lisation de la dynamique des permis d’e´mission sur le
marche´ du CO2.
56 Me´moire de HDR - N. Ma¨ızi (MINES ParisTech)
20 juillet 2012
CHAPITRE 3. DES PROBLE`MES COMPLEXES LIE´S A` L’E´NERGIE ET AU CLIMAT
Le prix d’indiffe´rence des permis de CO2 pour un producteur d’e´lec-
tricite´
Rappelons que le secteur de la production d’e´lectricite´ et de chaleur repre´sente pre`s de 30%
des e´missions de gaz a` eﬀet de serre dans l’Union Europe´enne (et 70% du plan d’allocation
pendant la phase I) ; d’autre part un producteur d’e´lectricite´ peut modiﬁer en continu l’in-
tensite´ carbone de sa production en substituant deux moyens de production (par exemple
en utilisant une centrale au gaz plutoˆt qu’une centrale au charbon qui e´met plus de CO2
pour la meˆme production) ; enﬁn l’ine´lasticite´ de la demande en e´lectricite´ et la cotation en
continu du prix de l’e´lectricite´ permettent d’obtenir des mode`les ale´atoires re´alistes pour le
processus de´crivant le prix de l’e´lectricite´.
Nous listons les e´le´ments de la mode´lisation.
– Une pe´riode de gestion [0, T ], ﬁxant un intervalle de temps entre une date de re´fe´rence
servant d’origine t = 0 et une e´che´ance T . Pour le marche´ de CO2, cette pe´riode co¨ın-
cide a priori avec une pe´riode de conformite´. L’horizon d’investissement T est la date de
conformite´, au moment ou` les quotas doivent eˆtre restitue´s ou/et la taxe e´ventuellement
paye´e.
Pour la phase (2008 - 2012), les re`gles de EU ETS sont les suivantes : chaque pays e´labore
un Plan National d’Allocation de Quotas (PNAQ) pour la phase a` venir. Ce PNAQ de´-
termine la quantite´ de quotas qui sera distribue´e a` chaque installation durant la phase II.
Un quota (ou permis d’e´mission) correspond au droit d’e´mettre une Tonne de CO2 (eqT
CO2).
La phase est divise´e en pe´riodes annuelles. A chaque de´but de pe´riode une installation
rec¸oit un certain nombre de quotas. A chaque ﬁn de pe´riode, l’installation doit restituer
autant de quotas qu’elle a e´mis de CO2 durant la pe´riode. Les quotas restitue´s sont annule´s
alors que les quotas conserve´s par l’installation pourront eˆtre utilise´s pour se mettre en
conformite´ lors de la pe´riode suivante. Durant la pe´riode, les installations peuvent faire
des e´changes commerciaux de quotas, mais aussi acheter des cre´dits carbone type Kyoto
dans la limite d’un certain pourcentage de la quantite´ de quotas qui leur a e´te´ alloue´e
(ce pourcentage diﬀe`re selon les pays). Le calendrier d’allocation des quotas permet d’uti-
Figure 3.1 – Calendrier institutionnel de l’EU ETS
liser les quotas rec¸us au titre d’une pe´riode pour se mettre en conformite´ a` la ﬁn de la
pe´riode pre´ce´dente (voir Figure 3.1). Cependant a` la ﬁn de la phase, l’installation devra
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obligatoirement se mettre en conformite´ avec des quotas distribue´s pendant cette phase.
Si l’installation ne rend pas assez de quotas pour couvrir ses e´missions, elle devra payer
une pe´nalite´ proportionnelle au surplus d’e´missions. Pour la phase 2008-2012, la pe´nalite´
a e´te´ ﬁxe´e a` 100AC par (eq)T CO2. D’autre part le surplus d’e´missions est comptabilise´
dans les e´missions de l’installation pour la pe´riode suivante.
Dans notre mode´lisation, l’instant de de´but de pe´riode ﬁxe l’origine des temps t = 0.
L’ordre de grandeur de T est une anne´e.
L’e´chelle de temps est un point important pour comprendre la granularite´ de la mode´lisa-
tion. Meˆme si nous de´crivons le mode`le en temps continu, les plans de production se font
par tranches horaires. Il parait naturel de choisir un pas de temps horaire (dt = 1/8760).
Cependant, si on choisit de faire certaines approximations consistant a` ne´gliger (ou plutoˆt
lisser) les temps de latence des centrales et les couˆts de mise en route et d’extinction, il
parait plus raisonnable de choisir un pas de temps journalier (dt = 1/365).
– A l’e´chelle de temps du mode`le, a` chaque instant le producteur de´cide de la puissance
instantane´e piit (en MW) que fournit le moyen de production i ∈ {1, . . . , n} pour chacune de
ses installations. Chaque moyen de production i est contraint par une puissance instantane´e
maximale disponible pi,max. La strate´gie est donc un controˆle stochastique en dimension
n, un controˆle par installation : (pit)0≤t≤T , pit = (pi
1




, pi ∈ A avec A = {pi ∈
R
n; 0 ≤ pii ≤ pimax}, de´limitant les capacite´s du portefeuille de production (charbon, gaz,
fuel, nucle´aire, hydro, vent, PV, ...)
En entre´e du mode`le, on conside`re le prix spot de l’e´lectricite´ (St, t ≥ 0), dont la tra-
jectoire e´volue stochastiquement (avenir incertain), imprimant le caracte`re ale´atoire au
controˆle et aux sorties du mode`le. Pour le moment, nous de´crivons la dynamique du prix
par un processus stochastique de type processus d’Itoˆ, sans privile´gier un mode`le en par-
ticulier : {
dSθ,st = b(t, S
θ,s
t )dr + σ(t, S
θ,s
t )dBt, ∀t ≥ θ
Sθ,sθ = s
(3.1)
– ou` b et σ sont des fonctions Lipschitz en s uniforme´ment en t
– (Bt, t ≥ 0) est un mouvement brownien.
– En sortie du mode`le, on obtient, a` partir du controˆle (pit), de´cide´ a` chaque instant
t ∈ [0, T ]
– l’e´mission cumule´e de GES (eqT CO2) , Eπt , dont la dynamique se de´duit du controˆle











dt, E0 = e
A la ﬁn de la pe´riode de gestion, le producteur paie une pe´nalite´, fonction de ses e´missions
de CO2 :
PENALITE = T (EπT −Θ0)
ou` Θ0 est la quantite´ de quotas de CO2 initialement de´tenue par le producteur.
La fonction de pe´nalite´ T (·) est croissante positive et nulle sur R−.
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ou` le couˆts de production se de´duit du controˆle et des couˆts de production marginaux





C im(t, p)dp, qui synthe´tisent les couˆts de
production (combustible, entretien, usure...) par installation,
et ou` on a note´ QOTCt la part contractuelle de production vendue au prix Pv(t) (de´-
terministe). Le producteur a acce`s au marche´ day-ahead d’e´lectricite´ sur lequel il peut
vendre ou acheter de l’e´lectricite´ au prix St, s’il estime que c’est plus avantageux que de
produire lui-meˆme. On supposera le producteur toujours en mesure de fournir lui meˆme
la puissance QOTCt .
– Les parame`tres de´terministes sont
– Θ0 : l’allocation initiale (t = 0)
– T (·) : la fonction de pe´nalite´, croissante.
Le prix d’indiﬀe´rence : a` partir d’un crite`re d’optimalite´ (en moyenne sur l’incertitude), on
de´ﬁnit le processus de controˆle optimal pi∗ dans un environnement incertain comme celui
qui re´alise l’e´galite´ :
E
[U (W π∗T )] = sup
π
E [U (W πT )]
ou` U est la fonction d’utilite´ du producteur qui permet de classer ses pre´fe´rences. En toute
ge´ne´ralite´, la fonction d’utilite´ est strictement croissante et concave. Un exemple (classique
et tre`s utilise´) est la fonction d’utilite´ exponentielle de parame`tre ρ :
U(x) = − exp (−ρx) , x ∈ R.
Si P de´signe le prix pour q permis achete´s/vendus a` la date 0, on conside`re d’une part la
fonction valeur d’une optimisation de la production sans achat/vente de permis :












D’autre part, en achetant/vendant q permis a` la date 0, au prix P , la fonction valeur de
l’optimisation de la production devient 32 :
υ (0, w − qP , e− q, s) = sup
π0∈A
E
[U (W π;t,w,sT − qP − T (Eπ;t,eT − q −Θ0))]
ou` le taux d’actualisation est ne´glige´ dans la formule ci-dessus pour simpliﬁer les e´critures.
Le prix d’indiffe´rence P∗CO2(q) est tel que
(3.2) υ(0, w − qP∗CO2(q), e− q, s) = υ(0, w, e, s)





r − w′, ∀r ∈ [t, T ]
Eπ;t,e−e′r = Eπ;t,er − e′, ∀r ∈ [t, T ]
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Outre certaines situations particulie`res ou` le prix d’indiﬀe´rence est calcule´ explicitement,
dans le cas ou` l’environnement est incertain, une e´quation de Hamilton-Jacobi-Bellman
























υ (T,w, e, s) = U (w − T (e−Θ0))
Ou encore, en conside´rant l’ope´rateur H









{λ (t, x, pi) · p}
Σ (t, x) =

0 0 00 0 0
0 0 σ (t, x3)

 λ (t, x, pi) =











= 0, ∀ (t, x) ∈ [0, T [× R× R× R∗+
Nous (M. Bossy en l’occurence) avons ve´riﬁe´ le caracte`re bien pose´ de l’equation de HJB
(3.3) pour un mode`le de prix spot d’e´lectricite´ comme en (3.1), avec b and σ Lipschitz
uniforme´ment en temps, T a` croissance line´aire, υ(t, w, e, s) = o (exp(C(2 + |w|+ |e|)) et
∃κ, |b(t, s) ≤ κ(1 + s)|
|σ(t, s)| ≤ κ(1 +√s), ∀s > 0.
l’e´quation d’HJB ne´cessite une re´solution nume´rique pour laquelle un code de calcul a e´te´ de´-
veloppe´ par nos partenaires spe´cialistes du controˆle stochastique, dans un code de´die´ de´nome´
CarbonQuant dans une version non encore rendue publique et sur la forge INRIA.
La re´solution permet de re´pondre quantitativement aux questions du type :
– Existe-t’il un prix d’indiﬀe´rence non trivial P∗CO2 < τ ?
Si oui, nous nous proposons d’e´valuer
· quelle est sa sensibilite´ au dimensionnement
– de la pe´nalite´ T ?
– de l’allocation initiale Θ0 ?
· Quelles sont les e´missions cumule´es associe´es a` l’achat/vente de quotas ?
Il permet de donner des courbes de prix d’indiﬀe´rence en fonction du prix spot initial de
l’e´lectricite´, pour diﬀe´rentes valeurs initiales de cumul d’e´missions (les valeurs ne´gatives
repre´sentent les volumes de quotas non utilise´s), ou en fonction du volume de permis ache-
te´s/vendus a` l’instant initial.
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Chapitre 4
L’approche prospective, socle d’une
de´marche pour le long terme
Alors que l’approche optimale base´e sur le prix d’indiﬀe´rence nous a conduit a` des de´velop-
pements sur le court terme 1 , rappelons que la question du carbone est centrale lorsque la
discussion se focalise sur les agendas politiques et que pays et re´gions se pre´occupent des
changements climatiques. Dans ce cas, il devient ne´cessaire d’explorer un horizon temporel
de plusieurs de´cades, dans une toute autre dynamique.
Aussi fallait-il pouvoir envisager une approche adapte´e pour e´laborer une vision du futur et
construire des strate´gies pour le long terme. La de´marche prospective apporte un canevas
naturel a` ces re´ﬂexions. Nous allons rappeler quelques uns de ses fondamentaux, pre´ciser
comment nous avons de´cline´ une approche optimale dans ce nouveau cadre, avant de revenir
sur quelques-une de nos contributions.
L’approche prospective
C’est a` Gaston Berger que l’on doit les fondements de la discipline prospective que certains 2
qualiﬁent de ”science de l’homme a` venir”et que d’autres appre´cient comme une ”indiscipline”
intellectuelle.
Pour caracte´riser cette approche, destine´e a` e´clairer l’avenir aﬁn de le construire, nous en
proposons quelques e´le´ments d’appre´ciation, releve´s dans les textes publie´s entre 1955 et
1965 par G. Berger et P. Masse´ [3] :
1. la prospective se diﬀe´rencie de la pre´vision :
Dans les disciplines “prospectives”, [. . . ] l’ide´e classique de “pre´vision” se trouvera com-
ple´tement transforme´e. Si l’on compare la re´flexion qui doit pre´ce´der toute action a`
celle d’un joueur d’e´checs, mesurant ses possibilite´s et anticipant les re´actions de l’ad-
versaire, il faut dire que, dans le jeu que nous avons a` jouer aujourd’hui, les re`gles se
1. le temps d’une phase du marche´ carbone, 2 a` 5 ans
2. P. Durance dans la pre´face de [3]
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modifient, les pie`ces changent de nombre et de nature au cours de la partie. 3
2. la prospective se diﬀe´rencie de l’extrapolation :
La condition pour projeter quelque lumie`re sur l’avenir est de ne pas se re´duire a` l’ex-
trapolation de l’existant, comme si les directions prises au moment pre´sent e´taient
l’expression exacte de ce que nous voulons vraiment. Si, comme les individus, les so-
cie´te´s sont fre´quemment de´c¸ues, c’est qu’on leur offre ce qu’elles demandent et non ce
qu’elles de´sirent ve´ritablement, sans savoir l’exprimer de fac¸on ade´quate. 4
3. la prospective est a` la fois une attitude et une me´thode :
Pascal avait un sentiment [. . . ] juste de notre condition lorsqu’il e´crivait en phrases
bre`ves, pressantes comme la vie elle-meˆme :”Il faut parier ; cela n’est pas volontaire ;
vous eˆtes embarque´.” [. . . ]
La Prospective est ne´e de la rencontre de cette ne´cessite´ et de ces e´checs. C’est d’abord
une attitude qui refuse tout aussi bien la croyance aveugle que le scepticisme paraly-
sant. C’est ensuite une me´thode qui cherche a` se de´finir par rapport a` la Pre´vision.
Voir loin, voir large, analyser en profondeur, prendre des risques, penser a` l’homme,
tels sont les caracte`res par lesquels Gaston berger a tente´ de la distinguer. 5
4. la prospective e´claire sur les ﬁns et les moyens :
A premie`re vue le proble`me parait simple. Il y a en somme deux choix a` faire : un
premier entre les fins a` atteindre, un second entre les moyens a` employer. La fin a`
atteindre doit eˆtre fixe´e par la politique, les moyens a` employer de´pendent de l’avis des
techniciens. 6
5. la prospective pre´pare a` l’action :
La prospective regarde en avant. Le regard est pour elle le premier temps de l’action
[48].
Les premie`res de´clinaisons de cette approche furent, au sortir de la seconde guerre mondiale,
la planiﬁcation et la reconstruction nationale.
Sous l’aiguillon de la question climatique et de la globalisation e´conomique, les dossiers de
l’e´nergie ont e´te´ l’occasion d’un renouvellement de cette tradition prospective pour lier : la
prospective nume´rique, le calcul e´conomique, l’e´conomie publique et la re´ﬂexion strate´gique.
C’est dans cette de´marche, e´labore´e via une approche base´e sur des mode`les de prospective
long terme de´rivant d’un paradigme optimal, que nous nous sommes inscrits. Nous allons
expliciter en quoi elle he´rite d’une longue tradition associant mode`les et questions de pros-
pective.
Histoire d’une mode´lisation pour le long terme
L’ambition de la mode´lisation prospective est de fournir des outils de cohe´rence dans le
dialogue entre les de´cideurs, les experts et les scientiﬁques. Il ne s’agit pas de pre´dire le long
terme ou d’en de´ﬁnir de manie`re normative les traits, mais d’appre´cier, suivant la formule de
3. Extrait de l’homme et ses proble`mes dans le monde de demain. Essai d’anthropologie prospective. G.
Berger. 1955. p33.
4. Extrait de L’avenir des sciences de l’homme. G. Berger. 1956. p39.
5. Extrait de Pre´vision et Prospective, P. Masse´, 1959, p100.
6. Le proble`me des choix : facteurs politiques et facteurs techniques. G. Berger. 1956. p41.
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Pierre Masse´, « un souhaitable qui apparaisse plausible a` l’esprit prospectif et qui devienne
probable pour l’esprit attache´ a` sa re´alisation ».
Et, face a` la complexite´ du nouveau contexte e´nerge´tique, les conse´quences des choix stra-
te´giques sont diﬃcilement appre´ciables a` l’aune des me´thodes traditionnelles et les outils de
mode´lisation, d’optimisation et d’aide a` la de´cision deviennent des alternatives ne´cessaires
aﬁn d’en estimer les impacts.
Pour comprendre comment s’ouvrent ou se ferment les marges de manoeuvres futures pour
nos socie´te´s, nous avons adopte´ des outils de mode´lisation et d’aide a` la de´cision aux interfaces
e´conomie - ressources - climat, fonde´s sur la famille des mode`les technico-e´conomiques (type
MarkAl (Market Allocation)[28] dont une version ame´liore´e est TIMES (The Integrated
MarkaL EFOM System).
Ils s’inte`grent dans la ligne´e des mode`les initie´s par les recherches de la Cowles fondation
[31]. Cette fondation, issue d’une commission cre´e´e par Alfred Cowles apre´s la crise de 1929,
a la vocation de rapprocher l’e´conomie des sciences exactes par une utilisation syste´matique
des mathe´matiques. A partir des anne´es 1970, ses travaux sont renforce´s par la fructiﬁcation
d’e´changes via un re´seau d’e´conomistes et de mathe´maticiens autour de :
– G. B. Dantzig et son e´quipe du Stanford Optimization Laboratory,
– T. C. Koopmans et une partie des membres de la Cowles,
– Alan Manne et William Nordhaus qui re´sident a` l’IIASA (International Institute for Ap-
plied System Analysis).
L’histoire [49] du de´ploiement des mode`les remonte donc aux anne´es 1930, lorsque les pro-
gre`s de la repre´sentation des ﬂux en e´conomie vont faire e´voluer les descriptions de type
Leontief vers le formalisme de l’analyse d’activite´s. Ce formalisme permet d’introduire une
repre´sentation de l’univers de la production en e´conomie sous une forme logico-atomistique :
des associations de processus qui “consomment” ou “produisent” des biens. 7
Un syste`me complexe re´el correspond alors a` un assemblage de multiples processus unitaires,
assemblage qui ve´riﬁe une re`gle simple : tout ce qui est consomme´ doit avoir e´te´ produit. Il
y a donc “productions jointes” car on produit a` la fois des objets et des de´chets, il y a aussi
“alternatives de production” car un meˆme objet peut eˆtre produit par diﬀe´rents processus.
C’est une double ge´ne´ralisation des formalismes “a` la Leontief” (en matrices rectangulaires
et non plus carre´es) pour reprendre Dantzig.
De ce formalisme, ne´ le mode`le de l’analyse d’activite´s “A model of general equilibrium”
publie´ par von Neumann en 1937 qui re´volutionne l’e´conomie mathe´matique en introduisant
1. un mode`le de croissance a` horizon inﬁni
2. un sche´ma descriptif qui repose sur une repre´sentation atomistique de la production
via l’analyse d’activite´s
3. la preuve de l’existence d’e´quilibre qui utilise des techniques mathe´matiques paradig-
matiques de l’optimisation : the´ore`me du point ﬁxe, topologie, dualite´, point selle,
min-max, . . .
7. Remarquons que cette notion de processus renvoie e´galement : a` la the´orie des jeux qui transforme un
e´tat en un autre, aux e´ve´nements discrets de la machine de Turing avec lecture/e´criture se´quentielle de la
bande ou aux structures d’e´ve´nement des “automates” de von Neumann.
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De ce mode`le de´rive le mode`le de von Neumann-Sraﬀa qui adopte une repre´sentation de
l’e´conomie base´e sur une analyse d’activite´s tre`s de´sagre´ge´e : les diﬀe´rents processus tech-
nologiques sont repre´sente´s explicitement. Ces processus permettent de visualiser les biens
qui sont consomme´s et ceux qui sont produits en faisant intervenir les ﬂux physiques de ma-
tie`res premie`res et d’e´nergie. Cette repre´sentation permet e´galement de prendre en compte
les productions jointes et les diﬀe´rentes alternatives de production pour produire un bien de
manie`re explicite.
En paralle`le, de´s 1928 Ramsey cherche a` re´soudre la question suivante : “. . . how much of its
income should a nation save ?”. Il adopte une repre´sentation de l’e´conomie globale a` partir
d’un nombre restreint de variables agre´ge´es : le capital K, le travail L, les matie`res premie`res
M et l’e´nergie E. Le mode`le repre´sente les ﬂux a` partir d’un e´quilibre ge´ne´ral calculable qui
re´alise une trajectoire de croissance optimale (au sens du bien eˆtre social).
Ces deux mode`les, qui diﬀe´rent dans leur repre´sentation de l’e´conomie, ont ne´anmoins en
commun de reposer sur un paradigme d’optimisation et supposent un sentier de croissance
optimal et/ou des anticipations parfaites des prix et des besoins futurs. Beaucoup de mode`les
utilise´s dans le contexte de la prospective long terme aujourd’hui de´rivent de l’une ou de
l’autre de ces approches. Ainsi :
– les mode`les top-down (ou approche descendante) de´rivent du mode`le de Ramsey :
en re´fe´rence au cadre ge´ne´ral pre´ce´dent, cette famille de mode`les s’attache a` expliciter
les liens entre l’e´nergie et l’activite´ e´conomique. Les me´thodes employe´es s’appuient sur
diﬀe´rentes disciplines e´conomiques : macroe´conomie, e´conome´trie, microe´conomie. L’ap-
pellation ”top-down” traduit une perception du syste`me e´nerge´tique a` partir d’un nombre
re´duit de variables e´conomiques agre´ge´es. Les contraintes budge´taires et des pre´fe´rences
de´terminent les choix de consommation des me´nages. Pour le secteur productif, le capital
(K), le travail (L), l’e´nergie (E) et les matie`res premie`res (M), sont les principaux facteurs
qui de´terminent le niveau de production des entreprises. Un mode`le e´conomique (KLM
ou KLME suivant que l’e´nergie est un facteur inde´pendant ou non) repre´sente alors dif-
fe´rentes formes d’interactions (substitutions et/ou comple´mentarite´ de type ex ante et/ou
ex post) entre ces facteurs. Les technologies sont ici repre´sente´es implicitement par des
combinaisons diﬀe´rentes de ces facteurs.
Le mode`le DICE (Dynamic Integrated Climate-Economy) de William Nordhaus (a` partir
de 1970 jusqu’a` aujourd’hui dans sa dernie`re version [59]) fait partie de cette famille.
– Les mode`les bottom-up (ou approche ascendante) de´rivent du mode`le de von Neumann-
Sraﬀa (1930) :
si l’on se re´fe`re a` nouveau au cadre global de l’analyse e´nerge´tique, l’approche ascendante
s’inte´resse aux composantes techniques du syste`me e´nerge´tique. L’appellation ”bottom-up”
traduit une perception du syste`me e´nerge´tique a` partir d’un grand nombre de variables
technologiques ; les donne´es technologiques de´sagre´ge´es, sont progressivement agre´ge´es
pour traduire les choix e´nerge´tiques de chaque cate´gorie d’agent. On partira ici du nombre
et du type de technologies utilise´es, ainsi que des caracte´ristiques techniques d’utilisation
pour de´ﬁnir la consommation d’e´nergie de chaque acteur ou secteur. Les ﬂux d’e´nergies
de´pendent des technologies mises en oeuvre. A partir de la production et/ou de la consom-
mation e´nerge´tique de chaque technologie, la consommation totale est de´termine´e par la
somme sur toutes les technologies utilise´es et pour tous les usages des quantite´s d’e´ner-
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gie produites et consomme´es. Cette classe de mode`les repre´sente ainsi les technologies de
manie`re explicite dans les diﬀe´rents secteurs d’oﬀre et de demande d’e´nergie a` travers un
secteur e´nerge´tique de´sagre´ge´. Les me´thodes utilise´es pour ce type de mode`les se diﬀe´ren-
cient par la complexite´ nume´rique : la taille et le nombre de sous secteurs, les choix de
me´thodes de re´solution.
Les mode`les de la famille MarkAl/TIMES de´veloppe´s a` la suite des travaux d’Alan Manne
de´rivent de cette approche.
Le mode`le MarkAl
MarkAl est un formalisme d’optimisation de´veloppe´ sous l’e´gide de l’Energy Technology
Systems Analysis Program de l’Agence Internationale de l’Energie au de´but des anne´es 1980
pour examiner l’impact sur le long terme des technologies (de production, de transformation
et de demande) dans le secteur de l’e´nergie. Alors que la de´cennie 70 a vu l’e´mergence de
mode`les globaux [68],[18], [19], [1] dans lesquels les questions pose´es e´taient d’e´valuer le bien
fonde´ de la croissance e´conomique [55], le retour a` la mode´lisation sectorielle plus pointue
s’ope´re dans les anne´es 80 : des me´thodes qui avaient commence´ a` se de´velopper avec la
crise de l’e´nergie (1973) se prolongent avec les premie`res expe´riences de mode´lisation dans
le domaine de l’e´nergie et du changement climatique et c’est le cadre dans lequel MarkAl
est de´veloppe´. C’est un mode`le d’optimisation qui propose une approche technologique du
secteur e´nerge´tique et permet de cre´er une e´conomie virtuelle ou` diﬀe´rentes technologies
sont mises en concurrence. Il s’agit concre`tement d’une formulation explicite des relations
input-output pour chaque technologie qui minimise, sur l’horizon choisi (typiquement 30
a` 100 ans) et pour une demande ﬁnale donne´e, le couˆt global actualise´ du syste`me, pour
fournir les de´cisions en terme de choix de niveaux d’activite´s des technologies (e´nergie) et
d’investissements en capacite´ (puissance installe´e).
Ainsi, analyser les principaux de´terminants du syste`me e´nerge´tique a` une e´chelle re´gionale
donne´e, anticiper les e´volutions et les impacts des prix des e´nergies a` court et moyen terme,
estimer les e´missions de polluants sont autant d’enjeux qui peuvent se re´soudre via ce mo-
de`le technologique de la chaˆıne e´nerge´tique suﬃsamment agre´ge´ pour inte´grer les strate´gies
propose´es et suﬃsamment de´taille´ pour prendre en compte les contraintes techniques et
environnementales.[42]
C’est dans cette logique que l’approche long terme a e´te´ de´cline´e sur la valeur carbone dont
nous rappelions tantoˆt qu’elle e´tait centrale pour les discussions lie´es aux enjeux des chan-
gements climatiques. Ainsi, nous avons pu [2] explorer (au sens prospectif) et quantiﬁer (au
sens de l’analyse de la sensibilite´) pour la France, l’e´volution dynamique de la valeur carbone,
sur plusieurs de´cades, a` l’aide d’un mode`le MarkAl-France que nous avons de´veloppe´.
Valeur carbone long terme L’e´volution de la valeur carbone est e´value´e a` l’aide d’une
optimisation inter temporelle, la pe´riode de base e´tant de 5 ans, et permet d’acce´der a`
diﬀe´rentes valeurs liant les activite´s et capacite´s des technologies produisant de l’e´nergie,
aux e´missions associe´s et ainsi d’infe´rer sur une valeur carbone restituant les impacts de ces
choix. Nos re´sultats se situent dans la fourchette supe´rieure des valeurs donne´es par d’autres
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approches, a` d’autres e´chelles, mais recouvrant notre zone d’e´tude. On montre e´galement que
la valeur carbone franc¸aise e´tablie par le rapport Quinet [61] correspond a` une combinaison
d’hypothe`ses optimistes. Notre estimation centrale est 4 fois supe´rieure a` la valeur de 2050
et 14 fois supe´rieure en 2020, ce qui reﬂe`te les inerties de court terme, couˆteuses. Nous
de´terminons e´galement que cette valeur est tre´s sensible aux objectifs interme´diaires, et
comment elle varie au cours du temps.
Approche et re´sultats sont de´veloppe´s dans la publication suivante.
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a b s t r a c t
The climate agenda in France and several other countries is a complex combination of unilateral
commitments with regional and international objectives. When analyzing national policies, the ﬁndings
of worldwide analyses are of limited accuracy and the large aggregates on which they are built level out
most local speciﬁcities and inertia. Speciﬁc assessments are hence needed. This paper quantiﬁes the
dynamic evolution of carbon values for French climate and energy policy. Its time dependency over
successive periods and the effects of setting intermediate targets are evaluated using a long-term
optimization model. Addressing critical issues for France, we produce consistent energy, emissions and
carbon value estimates with a 5-year time step. Our results are situated above the upper range of
carbon value estimates of world models with an overlapping zone. We show that the ofﬁcial policy
guideline value is only consistent with an optimistic combination of assumptions. The central estimates
are 4 times greater than the guideline carbon value for 2050 and up to 14 times greater in 2020 because
of short-term inertia that are costly to move. We also ﬁnd that with intermediate objectives, the carbon
value’s dynamic is more than a simple upward curve and that its variability is itself time dependent.
& 2011 Elsevier Ltd. All rights reserved.
1. Introduction
The climate change debate has gained increasing visibility and
acceptance, to become a major international coordination issue.
During this process, analysis from world-scale models done
within or outside the four IPCC assessment reports has played a
decisive role in highlighting possible long-term impacts on
ecosystems and economies as well as mitigation options.
The ﬁrst signiﬁcant lesson that can be drawn from these world
models is that we are all in the same situation, i.e. on an
unsustainable path. Our options are basically: mitigation of emis-
sions and adaptation to impacts. The second lesson is the very
large-scale availability of technically mature efﬁciency gains and
mitigation options: advanced thermal power plants, switching
from coal to gas, carbon capture and sequestration in electricity,
and the use of renewable fuels. This increasing awareness is the
basic force behind international initiatives, such as the Kyoto
protocol, the EU energy and environmental package, and post-
2012 negotiations on an international cooperation mechanism. It
is also reﬂected at national level in several unilateral objectives
that have been set for the longer term up to 2050 (Germany,
United Kingdom and France).
However, the seemingly undisturbed course that takes us from
global awareness, key lessons and necessary action, towards the
effective implication of countries is strongly tempered by the
lukewarm outcomes of international summits and negotiations.
Difﬁcult decisions on issues such as the levels, nature and timetable
of actions to be taken, responsibility (who pays, when, why and
how), obligations and governance issues are reminders that coun-
tries are the key strategic nodes where convergence often ends.
Climate agendas at country scale are complex combinations of
countries’ own unilateral commitments with regional and inter-
national objectives. The policy framework in France is for instance
deﬁned by the Kyoto protocol, the EU climate package and a
national energy law. World-scale analyses have provided useful
macroscopic insights to decision makers. They must be relayed by
more precise assessment for better-informed decisions and nego-
tiations at country level. Simpliﬁed views of national circum-
stances in world-scale assessments are often a necessary caveat
for tractability, but failing to include local speciﬁcities and limita-
tions may lead to biased estimates of mitigation potentials or
carbon costs. This paper discusses the long-term climate agenda
for France and the related dynamic of the carbon value indicator.
Section 2 situates our approach in the carbon valuation area and
describes the current policy guideline method proposed for public
investment choices for France. The analysis is performed using
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/enpol
Energy Policy
0301-4215/$ - see front matter & 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.enpol.2011.04.050
$This research was supported by the Modeling for sustainable development
Chair, led by MINES ParisTech, Ecole des Ponts ParisTech, AgroParisTech, and
ParisTech, supported by ADEME, EDF, RENAULT, SCHNEIDER ELECTRIC and TOTAL.
n Corresponding author.
E-mail address: edi.assoumou@mines-paristech.fr (E. Assoumou).
Energy Policy 39 (2011) 4325–4336
TIMES-FR, a long-term energy-planning model for France. Section
3 details the model’s characteristics and the main hypotheses. The
variability induced by more restrictive local conditions, the time
dependency of carbon values across successive periods and the
effects of introducing intermediate targets are analyzed. Issues
such as nuclear power, carbon capture and storage (CCS), biofuels,
intermediate targets and demand responsiveness are critical at
local level. They are explicitly analyzed to outline a set of less than
ideal conditions. The simulated scenarios and results are then
presented in the fourth section, before a conclusion in the last
section.
2. Values of carbon
The value of carbon synthesizes the monetary value of one
additional ton of carbon or carbon equivalent released into the
atmosphere at a given time. It is a useful indicator in the comparison
of environmental strategies and many estimates of it have been
produced using different approaches. From abundant literature on
the subject, we highlight here key elements that help situate the
approach followed in this case study.
2.1. Methods and range
2.1.1. Long-term estimates
Attributing a long-term value to carbon is usually done by
focusing either on a monetary evaluation of the effects of a
changing climate on manmade and natural systems, or the costs
of achieving speciﬁed mitigation targets. The long-term carbon
values that have been published vary widely.
Social cost approaches deﬁne a marginal damage cost of carbon
(Clarkson and Deyes, 2002; Pearce, 2003; Kuik et al., 2008). For a
given year, this cost is computed by increasing the emission proﬁle
by one ton and then assessing the incremental damage. Damage
functions are hence required, and changes are expressed in relation
to a given reference damage, which is itself calculated for a
reference concentration proﬁle (commonly a doubling of concen-
tration by 2050). A statistical analysis of the range of social costs of
carbon can be found in Tol (2005) based on 103 estimates, and in a
non-peer-reviewed update based on 211 estimates (Tol, 2007). The
reported mean values are around 20 h1/tCO2 and the standard
deviations are more than twice as high, at 46 h/tCO2 and 56 h/tCO2
for the 2005 and 2007 analyses, respectively. The reported key
explanatory factors are discount rates, cross-country aggregation
methods, and distinctions between peer and non-peer reviewed
papers.
When mitigation targets are considered, cost effective methods
are applied. They measure the cost of the set of actions that need
to be taken to reduce a speciﬁed mitigation goal by one ton of
carbon in the chosen year. Publicized by the Kyoto protocol, this
approach is now pushed by post-Kyoto negotiations or commit-
ments on explicit mitigation targets, such as the EU energy and
environment package, or country-speciﬁc objectives such as the
2004 French energy law and the United Kingdom’s white paper.
The number and range of estimates are also large. Kuik et al.
(2009) performed a meta-analysis on 62 estimates of abatement
costs for the years 2025 and 2050. For long-term scenarios in
categories III and IV of the IPCC classiﬁcation (Table 1), the
reported mean value is 24.8 2005h/tCO2-eq in 2025 and 55.8
2005
h/tCO2-eq in 2050 with standard deviations of respectively
27.9 2005h/tCO2-eq and 52.9
2005
h/tCO2-eq. They also apply a meta-
regression to address a target of 450 ppm CO2eq (category I) and
predict higher values of 1292005h/tCO2-eq (between 69 and 241 h)
for 2025 and 2252005h/tCO2-eq (between 128 and 396 h) for 2050.
At world scale, the 2008 Energy Technology Perspectives
(IEA, 2008) also report costs2 of between 422005h/tCO2 and
832005h/tCO2 if emission levels are limited to current levels in
2050 (category III) and between 167 2005h/tCO2 to 417
2005
h/
tCO2 when the target is a 50%reduction (category I or II). Both
studies assume full geographical ﬂexibility and no intermediate
targets and cover different greenhouse gases. IEA (2008) con-
siders energy-related CO2 emissions only, while Kuik et al.
(2009) include multigas studies.
2.1.2. Short-term estimates
In the short to medium term, the launch of the European
Union’s emission trading system (EU ETS), which is the largest
carbon market (Convery et al., 2008), fostered market-based
analyses of carbon value. Organized carbon markets synthesize
in an operative indicator the outcomes of unrevealed participants’
characteristics under given markets’ trading rules. Stylized permit
trading assumptions can of course be used in damage or abate-
ment cost evaluation, but they say very little about how such
markets would work practically, about participants’ behavior, or
how the price of carbon is set. For eligible industrial sectors, this
is indeed the signiﬁcant value in their short- to medium-term
decision-making process.
Published works have not focused so much on the range of
estimates, and three main issues can be outlined. The ﬁrst is,
understanding how a value is set in carbon markets by making
analyses of the ﬁrst 2005–2007 market period or using theoretical
market models. Empirical analyses of historical data to construct
an econometric price model from selected drivers are used in
Alberola et al. (2008), Benz and Tru¨ck (2009), while Seifert et al.
(2008) propose a theoretical stochastic CO2 spot pricing model
with a central planner. The second issue is the way this market
value can subsequently affect speciﬁc market participants’ posi-
tions or investment choices (Oberndorfer, 2009; Abadie and
Chamorro, 2008). Finally, the last issue is the way in which other
climate policy instruments link in with carbon markets. For
instance, Bo¨hringer and Hoffmann (2006) discuss the perfor-
mances of a juxtaposition of ETS sectors, regulated sectors, and
international carbon permits.
2.2. Carbon valuation in the French context
2.2.1. Energy and environmental targets in France
France is the world’s ﬁfth economy, the largest EU country,
covering approximately one ﬁfth of its total surface area, and the
second most populated. It is centrally located and has 7 neighbor-
ing countries, which include the other 4 most populated EU
Table 1





in relation to 2000
CO2-eq (ppm) CO2 (ppm)
I 85% to 50% 445–490 350–400
II 60% to 30% 490–535 400–440
III 30% to þ5% 535–590 440–485
IV þ10% to þ60% 590–710 485–570
V þ25% to þ85% 710–855 570–660
VI þ90% to þ140% 855–1130 660–790
1 The reference year is not speciﬁed: 2003 USD is assumed based on the latest
publication date reported for studies reviewed. An exchange rate of 1.2 is also
applied. 2 Converted from 2005 USD with a 1.2 exchange rate.
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countries. As illustrated in Fig. 1, however, the structure of its
energy system clearly differs from EU or world aggregates:
– Its level of oil dependence is a strong similarity point regarding
both primary energy supply and electricity production.
– The role of coal and nuclear power in the total primary supply,
as well as in electricity production, appears to be a strong
divergence point.
– Natural gas clearly diverges for electricity production and is
relatively consistent for primary supply.
– The contributions of other sources are roughly consistent for
electricity production but very different in terms of primary
supply.
It is therefore not appropriate to directly translate ﬁndings
resulting from studies of more aggregated levels. However, global
and supra-national environmental targets need to be echoed at
national levels. For France, connection between international and
national levels is translated in the Kyoto protocol for 2010, the EU
climate package for 2020, and its national target to quarter
greenhouse gas emissions relative to 1990 levels by 2050. With
a 4% reduction of its greenhouse gas emissions in 2006 compared
to 1990, France is heading in the right direction to reach its Kyoto
stabilization goal. The costs of the long-term targets represent a
much bigger and less studied effort. In 2005 the energy orientation
law endorsed the principle of a long-term division by four to ﬁve
of greenhouse gases emissions for developed countries by 2050. In
2008, a speciﬁc energy commission (Syrota, 2008) advocated that
France should divide energy-related CO2 emissions by 2–2.5 for
soley domestic actions. A new law – Loi de programmation
Grenelle – was passed in 2009 setting France an overall target of
quartering its greenhouse gas emissions in relation to 1990 levels
by 2050.
2.2.2. French carbon value policy guidelines
Governments ultimately decide on committing nations to envi-
ronmental policies. Under the rule of power, their chosen carbon
values can be used as guidelines for public investment choices or as a
basis for a carbon tax. In France, an initial assessment of carbon value
was made in Boiteux (2001) a report on investment decisions and
externalities in the transport sector. As proposed in this report, the
theoretical framework for policy guidelines in France is an adaptation
of Hotelling’s valuation approach for non-renewable resources, which
is in practice translated as a growth rate. A value of 200832h/tCO2
in 2010 with a 3% yearly growth rate in the future was proposed.
This initial work based on experts’ best guess approach was recently
reviewed and generalized by a speciﬁc commission (Quinet, 2009).
From 200832 h/tCO2 in 2010, the new guideline value increases at a
5.8% annual rate, to reach a consensus value of 2008100 h/tCO2 in
2030. The rate is then lowered to 4% (equal to the chosen discount
rate) whereby a value of 2008200 h/tCO2 is reached in 2050 with a
proposed range of 150–350 h/tCO2.
Policy guideline approaches are political by nature and the
wide range of carbon values is highly unfortunate. A consensual
value must be identiﬁed. The 2008100 h/tCO2 consensus value for
2030 (Quinet, 2009) thus averages estimates from three top-
down world model reporting values of 97, 58 and 150 h/tCO2. Two
general equilibrium models, GEMINI-E3 and IMACLIM-R, and a
partial equilibrium model, POLES, were used to derive carbon
values for the EU alone and for the world, assuming full interna-
tional ﬂexibility. The range of estimates across models, Table 2, is
very broad and the 2050 value is signiﬁcantly higher than the
selected policy guideline value.
2.2.3. Methodology proposed in this case study
As illustrated in the above literature review, carbon valuation
is a well-known and active area. But is it an old story or old
science? Despite consensus that we must ‘‘think globally and act
locally’’, it is not a straightforward process to downscale ﬁndings
from world or large regions to country scale. The leveling-out of
differences in aggregated assessments neglects energy system
inertia.
The GEMINI-E3 model (Quinet, 2009), for instance, suggests a
47% increase of nuclear electricity compared to today’s levels in the
EU, including France. Existing European nuclear plants will be fully
decommissioned by 2050 even after life-time extensions. At this
point in time, only two plants in Bulgaria, one in Finland and one in
France are under construction; Italy and the United Kingdom have










































COAL OIL GAS NUCLEAR OTHERS
EU-27 FranceWORLD EU-27 France
Fig. 1. Market share of primary energy supply (left) and electricity production (right) in 2006.
Data source: IEA, EUROSTAT.
Table 2
Carbon values from world economic models used in Quinet (2009).
2008
h/tCO2 EU unilateral 60% in 2050 World 450 ppm
2020 2030 2050 2020 2030 2050
POLES 26 97 319 16 57 682
GEMINI-E3 25 58 446 13 42 339
IMACLIM-R 95 150 130 100 160 200
Average 49 102 (consensus value) 298 43 86 407
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Spain have plans for nuclear phase-out. This 47% increase therefore
implies more than an already questionable systematic replacement
policy. The market share of nuclear power in European electricity
production should increase from 30% today to 36% by 2020 and 41%
by 2050. This is technically feasible in absolute terms but supposes
very low inertia and implies that all countries will rapidly switch
towards the French model.
Simulations from the POLES model suggest an alternative
solution based on carbon capture and storage technologies, with
a 2050 level slightly above one third of today’s EU-27 emissions.
In 2020 levels should be at 77 MtCO2 per year, with 1118 Mt per
year in 2050. Assuming the existence of sequestration plants with
the same capacity as the Sleipner3 project in Norway, these levels
correspond to 77 plants in 2020 and over a thousand in 2050. In
practice, the EU’s ambitious target is to have 12 demonstration
plants built by 2020.
At a more global scale, the carbon values resulting from top-
down models reported in the latest IPCC assessment report (IPCC,
2007) also vary strongly for mitigation scenarios in categories I
and II. The MERGE model proposes a value of 1922000$/tCO2 in
2030 for a worldwide emission level of 47.2 GtCO2-eq while the
WIAGEM model’s estimate is only 92000$/tCO2 in 2030 for a global
emission level of 43.1 GtCO2-eq.
Although carbon valuation can be considered to be a well-
known subject, there are still signiﬁcant research interests in
assessing less-than-ideal conditions. Our estimates are based on
a bottom-up optimization model in an intertemporal optimization
framework. This still involves representing decisions made by an
ideal central planner. Under this framework, less-than-ideal con-
ditions relate here to an energy system’s inertia regarding tech-
nologies, trade and future demands. The approach is cost effective,
and by assessing several estimates with explicit technical implica-
tions based on a single model, we obtain a broad picture of the
mitigation challenges. No similar work for France has been done to
our knowledge. The issue of writing an intermediate target by
2020 into the long-term climate agenda is also discussed.
3. Assessment methodology and key hypotheses
3.1. The TIMES-FR model
This analysis is based on TIMES-FR, a bottom-up optimization
model of the MARKAL/TIMES family of energy models (Berger et al.,
1992; Loulou et al., 1996; Labriet and Loulou, 2008) that has
been developed since the mid-1980s (Fishbone and Abilock, 1981)
under the auspices of the International Energy Agency. The basic
principle of the model is a large linear optimization of substitution
possibilities in the energy system between explicit technologies
and commodity ﬂows under constraints. The TIMES-FR model is a
TIMES model speciﬁcally developed to describe the French energy
system. The way it works is illustrated schematically in Fig. 2.
Exogenously speciﬁed prices for primary energy resources and
sectoral demands (reference levels and respective price elasticities)
are incorporated into a so-called reference energy system (RES),
the central piece of the architecture. The RES concept materializes
the sequential description of all the transformation steps, from
initial access to primary resources; and the conversion towards
secondary energy carriers, such as transport fuels, electricity or
heat, to the supply of requested energy services.
The model’s framework is technology-rich, with actual or
envisaged transformation nodes explicitly described as technolo-
gies also producing and consuming explicit commodity ﬂows
(energy, materials, and emissions) throughout the RES. Two main
mechanisms ensure that the structure remains consistent over
successive time periods: (a) ﬂow equilibrium conditions, which
impose that for each ﬂow represented production equals or
exceeds consumption and (b) capacity transfer over time accord-
ing to the commissioning date and lifetime of technologies.
Fig. 2. The TIMES-FR modeling structure.
3 The largest EU sequestration project with about 1 MtCO2 sequestrated per
year.
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Building on its detailed bottom-up architecture, the model max-
imizes the total discounted surplus over the period 2000–2050 in an
intertemporal optimization framework. As a result of this opti-
mization step, all non-zero variables in the solution quantify the
levels of energy resources, emissions, and technologies that are
effectively used from the total available set of possibilities
modeled. This bottom-up approach is well suited to the detailed
investigation of emission levels and technology choices as illu-
strated for instance in Blesl et al. (2007), Labriet et al. (2004) and
Sim ~oes et al. (2008). Furthermore, thanks to the linear optimiza-
tion framework, the dual value of any explicitly imposed
constraint supplies its marginal value. This property will be used
to derive the carbon value and include intermediate targets. The
carbon value’s level and evolution over time are endogenously
determined. However, and because of the central planner and
perfect foresight assumptions, such optimization frameworks are
suitable for prospective analyses but cannot be interpreted as
predictions.
Primary and ﬁnal energy balances are calibrated on Eurostat
data for the years 2000 and 2005. The detailed sector speciﬁc
calibration is performed from French energy statistics and speciﬁc
databases such as the SITADEL database for the building sector, as
well as statistics from the French ministry for Ecology, Sustain-
able development, Transport and Housing. Further calibration of
existing Power plants is done on the basis of the commercial
World Electric Power Plants database from Platts.
3.2. Useful demand assumptions
3.2.1. Demand levels and disaggregation
Levels of useful energy service demands drive the achieved
level of energy consumption and the associated technical choices
in the model. TIMES-FR demands are disaggregated and expressed
as a useful energy service demand instead of ﬁnal energy
consumption (Table 3). Substitution among end-use technologies
to provide equal levels of service is endogenous.
The energy service demands are projected over the modeling
horizon using bottom-up drivers to reﬂect lifestyle or societal
choices, and gross domestic product to reﬂect economic activity.
An average economic growth of 2% is assumed by 2020, decreas-
ing to 1.5% in 2050. French demographic changes are based on
2050 projections from the French National Statistics Institute
(Robert-Bobe´e, 2006). An increase from 60 million to 70 million
between 2205 and 2050 is assumed. Other detailed speciﬁc
assumptions are made regarding economic and societal variables
made in Syrota (2008) and updated drivers for electricity
demands for speciﬁc electric uses from the French electricity
transmission system operator (RTE, 2009).
3.2.2. Elasticity
Energy service demands are determined in a partial equili-
brium together with the associated production and transforma-
tion technologies. Driven by price changes induced by tighter
constraints or scenarios, demands will depart from their reference
levels. This demand response mechanism is implemented using
own-price elasticity. Selecting a value for this parameter is a
delicate operation. More thorough work on elasticity can be found
in Bernstein and Grifﬁn (2006) for multi-energy variability and
regional differences in US regions or (in Espey and Espey, 2004)
for residential electricity demand. Additional difﬁculties arise in
the delicate estimation of past and current price elasticity when
attempts are made to project them in the future. In this analysis,
generic elasticity values of 0.2 for speciﬁc electric appliances and
0.3 for the other energy services are used.
Furthermore, elasticity is strictly a local notion only applicable
to small variations around the measurement point. Choices made
on this issue are often not explicit in published results and there
is thus an implicit assumption that elastic responses have no
limits. As a consequence, elasticity can behave almost like a magic
stick that makes any target reachable. Three approaches are
speciﬁed here for the maximum elasticity-induced variations
(maximum deviations from initial energy services): relatively
inelastic demands with only 2% variation allowed by 2050, a 5%
authorized variation before 2025 and 10% afterwards, and a 10%
variation range before 2025 rising to 20%. Stronger demand
responses are hence allowed for the long term.
3.3. Limits to available technical options
Carbon mitigation technologies exist but cannot be mobilized
at any rate or period due to energy system’s inertia. As outlined
earlier, this is accentuated when granularity is lower. Nuclear
power, carbon capture and sequestration (CCS) plants, and biofuel
imports are considered in this study.
3.3.1. Nuclear power
Assuming an average operation time of 40 years, complete
decommissioning of all existing 59 French nuclear reactors should
be effective between 2020 and 2040. Only a maximum of 2 new
Table 3
Demand disaggregation and drivers for TIMES-FR.




Water heating Demolition rate
Cooking Existing building stock
characteristics





















Goods mobility demand Road transport Modal split





Cooking Economic activity: GDP
Speciﬁc electric
appliances














E. Assoumou, N. Maı¨zi / Energy Policy 39 (2011) 4325–4336 4329
plants is foreseen for 2020 and future large-scale replacement is a
key assumption. In 2004, the ofﬁcial scenario established by the
former French directorate for energy and raw materials (DGEMP,
2004), assumed a maximum of 2 new reactors per year after 2020,
leading to a maximum of 51 GW of total nuclear capacity in 2030
compared to 63.3 GW today. This development proﬁle was
modiﬁed in the 2008 update (DGEMP, 2008) in line with the new
government’s call for a stabilization of nuclear power contribution.
A stabilization of total installed capacity at around 65 GW between
2020 and 2030 was then adopted. Extended over the modeling
horizon, the central nuclear assumption for our analysis is a level of
65 GW. This upper boundary is relaxed in an alternative inter-
pretation to a value of 92.8 GW, which corresponds to stability in
the total number of reactors and increased unit reactor capacity.
3.3.2. Carbon capture and storage
Thermal power plants contribute little to total electricity
production in France and are almost exclusively used for load
following operations on the network. This reduces the relative
interest of industrial development in France, and there is suppo-
sedly a preference for CCS know-how to be developed in countries
that use high proportions of fossil fuels in electricity production
and for base load operation. The short-term development
prospect in France is low. Our central technological vision takes
an upper boundary of 0.5 Mt on CCS in 2020 and 20 Mt CO2 in
2050 for both the electricity and industry sectors. These upper
limits are tripled in an alternative vision.
3.3.3. Biofuel imports
French forestland is the third biggest in Europe (Puech, 2009)
and France is also the second highest consumer of solid biomass
for energy purposes in the EU, consuming 8.5 Mtoe in 2007. The
potential for further development of second generation biofuels is
thus high. The central hypothesis adopted for this analysis is a
reliance on the development of a domestic biofuel production
industry. Imports of biofuels from the rest of the world are only
authorized in a second case with a limit of 3 Mtoe, which corre-
sponds to around 20% of the domestic potential considered.
The database from the NEEDS and RES2020 EU research
projects are used as basis for technology characterization. Fig. 3
describes the assumed evolution of overnight construction costs
for conventional and renewable plants. In recent years factors
such as higher raw material (steel cement and others) costs, tight
engineering capacities for an increased number of projects,
additional cost for ﬁrst plants of a new type, have increased
plants costs. This newly observed trend is not reﬂected here.
A review of ongoing projects costs in the United States is done in
Kaplan (2008). Natural gas combined cycles’ costs for instance
range from 500 to 1500 $/kW for scheduled operation in 2010.
Comparing the 2005 (OECD, 2005) and 2010 (IEA, 2010) editions
of the ‘‘Projected Costs of Generating Electricity’’ publication leads
to similar conclusions. The reported nuclear overnight construc-
tion cost was updated from 1500 to 3860 $/kW for France mainly
due to important delay with the Flamanville plant which is the
ﬁrst of the European Pressurized Reactor nature in France.
Whether or not the currently observed costs increase will be a
stable feature for the coming decades will of course impact the
cost reduction paradigm adopted here.
3.4. Other assumptions
Only energy-related CO2 emissions are considered in this
analysis, and emissions from international air transportation
and maritime bunkers are excluded in line with the Kyoto
accounting methodology. The discount rate and fossil fuel prices
used in the current analysis are chosen to be consistent with the
guideline hypothesis in Quinet (2009). All carbon estimates are
made with a 4% discount rate, which is the conventional discount
rate for public investment appraisal in France (Lebegue et al.,
2005). For fossil fuel imports, the exogenous price assumptions
are, as in Quinet (2009), based on the World Energy Outlook 2007
with a continuation of the trend toward 2050 as outlined in
Table 4. Finally a long-term euro/dollar exchange rate of 1.2
is taken.
4. Simulation and results
The TIMES_FR model is used to compute the energy system’s
responses to strict CO2 mitigation policies under different condi-
tions speciﬁed by scenarios. Highly consistent results concerning
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Fig. 3. Overnight power plants construction costs.
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4.1. Scenarios
A scenario with no abatement or demand policy is deﬁned as
the baseline for the comparison. Base-A scenario builds on the
standard demand projection, taking an upper boundary of 65 GW
on nuclear and a maximum contribution of 20 Mt for CCS by
2050. The imported energy prices are in line with the WEO 2007
and there are no biofuel imports.
A second scenario considers alternative organizational choices
but without any explicit abatement policy. Base-B scenario
describes strong political and organizational measures leading
to modiﬁed demands of energy services in the building and
transport sectors. In the building sector, the main measures are
capital replacement (destruction and rate of new construction)
as well as tighter regulatory requirements for new buildings and
higher insulation potential. The average construction rate
increases from 300 to 350 thousands houses per year before
2020 and from 200 to 240 thousands houses per year after. With
an increase of the total number of dwellings from 25 to 35 million
over the ﬁfty year period, these construction rates are consistent
with a doubling of the demolition rate of existing building stock
from 0.2% to 0.4% annually. In the transport sector the key
parameters are modal splits. Table 5 illustrates this approach for
the transport sector. This demand measure approach is concep-
tually close to the sector-speciﬁc working groups instituted by
the French government in the so-called ‘‘Grenelle de l’environne-
ment’’ round-tables process.
All CO2 mitigation cases are then constructed around a
scenario ENV60-ref, where a reduction by 20% in 2020 and 60%
in 2050 relatively to 1990 is explicitly imposed as a constraint to
the operating conditions described in scenario Base-B. Elastic
variations in this scenario are very slight (strongly marginal) and
their amplitude is limited to 2% in 2050.
A group of 3 additional scenarios investigates technical
options: ENV60-CCS, ENV60-Nuc and ENV60-Biof. Over the
modeling horizon, the reduction proﬁle is deﬁned by the target’s
level in 2020 and a decrease at a constant rate towards a 60%
reduction in 2050. The effect of endorsing lower intermediate
targets in 2020 while keeping the same long-term goal is assessed
in 2 additional scenarios: ENV60-Itar1 and ENV60-Itar2. Lastly,
the range of elastic demand adjustments in 2020 and 2050 is
considered in two scenarios: ENV60-Ela1 and ENV60-Ela2. Those
various conditions provide a broad overview of the key environ-
mental policy issues in France, which are still undetermined and
can potentially affect the ﬁnal carbon value and its dynamics.
The ENV60-bestW scenario then depicts the most favorable
combination of all options (Table 6).
4.2. Energy system’s evolution
With rational decisions and an optimization framework,
energy-related CO2 emissions (Fig. 4) are projected to decrease
slightly up to 2020 by 0.14% annually, and increase moderately by
0.31% per year thereafter as demand for energy services grows in
the BASE-A case. The level reached in 2050 is 10% above 1990
levels. Proactive organizational choices to inﬂuence the ﬁnal
demands for energy services in BASE-B scenario are sufﬁcient to
curb the upward trend and induce a 3.6% reduction compared to
1990. This reduction is however far from the French long-term
climate target, and only speciﬁc policies in the ENV60-type
scenarios yield very low CO2 levels in 2050.
What energy mixes will be consistent with these evolutions?
In the Base-A case, the total primary energy supply (TPES)
increases by 6% in 2020 and 18% in 2050 compared to 2006
levels. The mix remains structurally dominated by fossil fuels,
Table 4
Fossil fuel import prices.
in 2006 $ 2000 2010 2020 2030 2040 2050
($/boe) Oil 31.4 59.0 58.7 62.0 65.3 68.7
($/MBTU) Gas 3.2 6.6 6.9 7.3 7.8 8.3
($/ton) Coal 37.5 56.7 57.2 61.2 64.0 66.9
Table 5
Mobility services and modal splits.




2005 2025 2050 2025 2050
Passenger mobility
Personal vehicles (%) 81.2 81.0 79.0 76.7 74.4
Collective (%) 17.1 17.3 19.4 21.8 24.3
Air domestic (%) 1.7 1.7 1.6 1.5 1.3
Good mobility
Road (%) 86.0 84.8 84.7 80.2 71.9
Rail (%) 11.7 12.8 12.8 16.5 24.5
Navigation (%) 2.3 2.4 2.5 3.4 3.6
Table 6
Alternative scenarios for a 60% reduction of CO2 emissions.
Changes from ENV60-ref in 7 alternative scenarios also leading to a 60%
reduction of CO2 emissions in 2050
Trade and technology
ENV60-CCS Nuclear max 65 GW, max CCS at 40 Mt, biofuel
import not allowed
ENV60-Nuc Nuclear max 92.8 GW, max CCS at 20 Mt, biofuel
import not allowed
ENV60-Biof Nuclear max 65 GW, max CCS at 20 Mt, biofuel
import allowed
Smoother path: Intermediate target in 2020
ENV60-Itar1 Lower intermediate target 1:15% reduction in
2020
ENV60-Itar2 Lower intermediate target 2:10% reduction in
2020
Demand responsiveness
ENV60-Ela1 Higher demand variations allowed 1:5% in 2020,
10% in 2050
ENV60-Ela2 Higher demand variations allowed 2:10% in 2020,
20% in 2050
Most favorable combination
ENV60-bestW Nuclear max 92.8 GW, max CCS at 40 Mt, biofuel
import allowed, 10% CO2 reduction in 2020,


















Fig. 4. Evolution of energy-related CO2 emissions for France.
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with an almost stable market share of 49% over the horizon
against 52% today (Fig. 5). Nuclear power’s market share remains
around 42% and renewable energies increase their contribution
from 6% to 9% in 2050 leading in absolute terms to a 60% increase
over the horizon.
Alternative organizational choices are enough to reduce
energy demand. In Base-B, the TPES increase is lowered to 2.6%
in 2020 and 4.4% in 2050. This is enabled by an 8% absolute
decrease of fossil fuel use compared to 2006, which is not
compensated by the lower growths in the use of renewable
sources and nuclear energy. However, fossil fuels still dominate
the mix with a 46% market share.
There is only a 0.3% reduction in primary energy use between
the BASE-B and ENV60-ref scenarios. A 60% reduction of energy-
related CO2 emissions can hence be achieved with only minor
additional TPES reduction but strong adjustments in the mix. In
2050, the market share of fossil fuels drops to 30% while the
contribution of renewable energies rises to 19% for the ENV60-ref
scenario. Compared to their respective levels in 2006, this implies
a 48% reduction in coal use, a 73% reduction in oil, and a
multiplication by 3.2 for renewable sources. Unlike other fossil
fuels, natural gas grows by 36%.
These results suggest a clear decoupling between CO2 targets
and energy consumption levels. This can be further illustrated by
two other primary energy mixes in 2050 that are also compatible
with the abatement objective. When more nuclear is allowed,
primary energy use increases and is 6% higher than the 2050 mix in
Base-B. With the more responsive energy service demand, ENV60-
Ela2, a reduction of 8% is observed. In this case the contribution of
renewable energy sources is lower than in ENV60-ref.
The strong reduction of fossil oil consumption implies
signiﬁcant adjustments in the transport sector. Internal combus-
tion engines remain dominant with 73% of ﬁnal fuel consumption,
but oil to natural gas and oil to biofuels substitutions occur.
The contribution of liquid fuels thus drops to 35% of ﬁnal
transport fuel consumption with 26% provided by ﬁrst and second
generation biofuels and 9% supplied by reﬁned oil products. In
addition natural gas and electricity’s contribution increase respec-
tively to 38% and 27%. This higher penetration of electricity also
induces higher efﬁciency and energy savings (Fig. 6).
Important changes are also induced in the electricity sector
and Fig. 7 shows that several electricity production systems are
compatible with the climate target. Reducing emissions pushes
electricity demand up and only scenarios with a highly responsive
service demand, ENV60-ELA1 and ENV60-ELA2, remain close to
the non-CO2 abatement cases. The increased new nuclear possi-
bility in ENV60-NUC leads to the most electro-intensive future by
far, while most other environmental scenarios are around
775 TWh in 2050.
To meet the climate target, green electricity’s market share
will have to increase from 12% in 2006 to around 20% in 2020 and
25–30% in 2050. Compared to today’s levels, this represents for
the different scenarios a challenging 30–60% growth in 2020 and
a multiplication by 2.8 to 3.1 by 2050. Wind power is the main
driver for this growth before 2020, followed by biomass toward
2050. Finally, we can also observe that even in the absence of
climate policy, green electricity production in France could grow
by 18% in 2020 compared to today’s levels. These results (Table 7)
show that for ambitious abatement goals, a strong development
of renewable electricity is robust, even with a stronger CCS or
nuclear policy. CCS could represent as much as 38% of fossil
electricity production in 2020 and 87% in 2050. A lower inter-
mediate target or higher demand responses could, however, limit
its contribution to around 5% in 2020 and 60% in 2050. For nuclear
power it is interesting to note that, due to an increase in
electricity use, its market share in 2050 stays close to the no
abatement scenarios at around 75%, even with the ENV60-NUC
scenario. Without this, its contribution could drop to 65% by 2050.
4.3. Carbon values
There is no single technically feasible primary energy mix or
electricity mix that can meet the climate and abatement targets.
Though feasible, the above energy system evolutions are not
equivalent in terms of the implied level of effort, and the
usefulness of a synthetic cost indicator such as the carbon value
is obvious. When caps on the emission pathway are applied,
the level and dynamic evolution of the carbon value are given by
the dual value of the constraint. The ﬁve-year time line also
makes it possible to see the effect of intermediate targets. All the
calculated estimates of carbon values are shown in Table 8.
The carbon values derived here cover a large range and their
underlying hypotheses illustrate the complexity of the debate on
ambitious commitments at national levels: there is a feasible path
toward low carbon values, but since real energy systems and
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Fig. 5. Total primary energy supply for France.
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Fig. 6. Final energy consumption in the transport sector.
Table 7
























Fossil fuels 5 5 5 2 1 1 2 4 2 2 2
of which Non-CCS 100 100 93 62 86 87 95 97 94 96 85
CCS 0 0 7 38 14 13 5 3 6 4 15
Nuclear 80 80 80 79 79 79 79 80 80 80 79
Renewables 15 15 16 19 19 20 19 16 19 17 20
of which Hydro 77 77 77 65 64 63 67 75 65 67 64
Wind 19 19 19 25 25 24 26 22 26 28 24
Biomass 0 0 0 11 11 13 6 0 9 4 12
2050
Fossil fuels 11 10 2 9 3 7 7 7 3 3 7
of which Non-CCS 100 100 50 13 40 17 17 17 43 38 17
CCS 0 0 50 87 60 83 83 83 57 62 83
Nuclear 76 77 84 66 74 67 65 65 69 75 65
Renewables 13 13 14 25 23 25 28 28 28 22 28
of which Hydro 78 78 66 37 37 38 33 33 36 48 33
Wind 19 19 19 18 18 19 27 27 17 23 27
Biomass 0 0 14 45 45 44 40 40 47 29 40
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commitments that will lead to high value. Only estimates for the
ENV60-bestW scenario are close to the proposed guideline value
(Quinet, 2009) for 2030 and 2050, while calculated values for
ENV60-ref are several times higher: 14 times higher in 2020 and
more than 4 times higher in 2050.
A central carbon value for our work is deﬁned with the mean
value of all scenarios, which peaks around 2020, then reaches a
local minimum around 2035, and ﬁnally increases strongly again
at the end when more efforts are required. The standard deviation
is then used to deﬁne upper and lower boundaries. This approach
is preferred to boundaries given by the minimum and maximum
values for all scenarios, which would give more importance to the
more optimistic and pessimistic estimates.
The dynamic of the carbon value and its variability are plotted
in Fig. 8 along with values from published works. Our calculated
central carbon value curve remains in the upper range of world-
wide estimates (Kuik et al., 2009; IEA, 2008). The guideline value
for France is in the lower range of all estimates and is signiﬁcantly
lower than our estimates.
4.3.1. Effect of relaxing limitations to the energy system: technology,
trade or the 2020 constraint
What are the effects of the different critical issues assessed
concerning the ENV60-ref scenario? The biofuel option introduces
more ﬂexibility for CO2 reduction in the transport sector. The
effect in ENV60-Biof is to lower the 2025 peak by 25% and the
2050 peak by 30%. Allowing more CCS adds an option for
electricity production with low CO2 content. In ENV60-CCS, this
results in an almost 50% reduction of carbon value by 2050, but
only 4% decrease in 2020 because of the short-term technical
inertia of the electricity supply. Finally, a relaxation of nuclear
capacity constraints decreases the carbon value at the end of the
horizon by 55% and by 13% in 2020. Among increased technology
and trade options, actions in the transport sector thus appear to
have the strongest effect on carbon value reduction for the year
2020, while the electricity sector could account for more reduc-
tions by 2050.
These scenarios show that a 20% CO2 reduction in 2020 is
technically feasible but very tight and leads to a swift increase of
the value of carbon. The intermediate target is important and can
generate dual values as high as 400 h/t CO2. The 2 scenarios that
consider a smoother path show that it has a strong effect even
without relaxing any technical limitations. When the 2020 target
is lowered to 15% (ENV60-Itar1), the carbon value in 2020 drops
by 63%. If the new target is a 10% reduction of emissions, the drop
is signiﬁcantly higher and reaches 90%. The ﬁrst peak in carbon
value then occurs in 2030. In both cases, the values at the end of
the horizon basically remain roughly unchanged as the long-term
target is ﬁxed.
4.3.2. Effect of increased demand responsiveness
Energy is not consumed for itself but to supply useful levels of
energy services. Elastic adjustment of these demands alone leads
to a very signiﬁcant reduction in the dual value of the carbon
Table 8
Evolution of carbon value estimates over time.
2005
h/tCO2 2010 2015 2020 2025 2030 2035 2040 2045 2050
ENV60-bestW 0 0 32 93 134 118 120 147 196
ENV60-CCS 0 26 427 299 256 164 287 332 427
ENV60-Nuc 0 23 385 278 229 187 303 334 376
ENV60-Biof 0 26 333 287 243 181 284 312 580
ENV60-Itar1 0 0 163 217 288 136 285 345 832
ENV60-Itar2 0 0 43 134 276 129 264 326 800
ENV60-Ela1 0 17 171 161 235 158 212 295 382
ENV60-Ela2 0 17 104 147 177 164 151 219 325
ENV60-ref 0 27 444 390 250 170 299 345 831
Mean value 0 15 233 223 232 156 245 295 528
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Fig. 8. Statistical synthesis and carbon value from published work.
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constraint compared to ENV60-ref: between 62% and 77% in 2020
and from 54% to 60% in 2050. Fig. 9 illustrates the related changes
in energy services for sector aggregates. While demand still grows
overall, the rate is signiﬁcantly lower and varies, for instance,
from 1% to 0.85% annually for freight transport, and from 0.56% to
0.24% for energy intensive industries. The range of elastic demand
responses observed are between 15% and 20% for industry, around
8–10% for the residential and commercial sectors and between 2%
and 7% for mobility. The real challenge here is to make these
reduced growth rates socially and economically desirable.
4.3.3. Domestic abatement, partial regional markets and
international ﬂexibility mechanisms
Our estimates relate to the energy system as a whole. They can
be discussed with regards to carbon values expressed by tradable
permits markets and the difference can be interpreted as a hidden
or shadow carbon value that needs to be implemented through
other support mechanisms. Total ‘‘where, what and when’’ ﬂex-
ibility through a perfectly competitive market is not ready to be
implemented. The EU emission trading scheme is a partial market
where several exemptions and operational issues still exist. In
practice, only few such partial markets and few regions are likely
to be effectively competitive and functional before 2025. Will they
yield carbon values as high as the levels discussed and calculated
here? Probably not! Even a secured 10% yearly increase will only
bring a value of 20 h/tCO2 at any given year to 134 h/tCO2 after 20
years. Thus, while institutional markets are useful experimental
demonstrations of the concept of carbon value, a level compatible
with a strong abatement target will mainly be implemented
through hidden supports. Only the most favorable scenario
ENV60-bestW is low enough to be interpreted as a possible
evolution of existing markets.
This analysis of domestic mitigation options for France can
also serve as a basis for discussing the cost of still theoretical
international ﬂexibility mechanisms that assume total ‘‘when
and where’’ ﬂexibility. If such mechanisms were to deliver CO2
emission permits at price levels expressed by world scale
approaches, France would be a net importer in 2020 and 2050.
The dynamics of carbon values for intermediate years have
received little attention from world-scale studies, but between
those two milestones and especially around 2035, France could
become an exporter. However, increased accounting of country-
level constraints and less-than-ideal options are also likely to
push the world carbon value upwards.
5. Conclusion
Once emitted into the atmosphere, CO2 will remain there for
more than a century. Estimating its value over successive time
periods is an essential indicator for efﬁciently deﬁning policy.
Our analysis focuses on the variability of carbon value and its
implication at country scale. Using a cost effective approach we
defend two main conclusions. The ﬁrst is the importance of
increased national knowledge of carbon valuation issues in order
to better understand local conditions. The second is the fact that
the time dependency of the carbon value is not a simple upward
curve and relies on the timing and strictness of mitigation
objectives.
Energy systems are constrained and several critical issues for
France are analyzed. Different technical responses for meeting
French climate objectives are evaluated. The carbon value is a
good indicator for comparing their relative tightness. An optimi-
zation framework is used. Our estimates are in the upper range of
world level values in 2020 and 2050 and only the more optimistic
scenario is consistent with the ofﬁcial guideline value.
The best technical options from our reference situation to
reduce the carbon value are: biofuel imports for the short term
and nuclear power or CCS in the longer run. Reducing the
intermediate target in 2020 results in the best response to all
options for 2020 while only a steeper drop in the demand for
energy services leads to a very strong reduction in both the short
and the long term.
Faced with a choice between promising low values and risking
very high ones, the proposed approach is a way to assess the
choices at stake and inform national decision-making parties.
The analysis of French domestic mitigation options can also be
extended to illustrate the strategic interest of international
ﬂexibility mechanisms. However, increased accounting of coun-
try-level constraints and similar less-than-ideal options is also
likely to push the world carbon value upwards.
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CHAPITRE 4. L’APPROCHE PROSPECTIVE, SOCLE D’UNE DE´MARCHE POUR LE LONG
TERME
Enjeux d’une prospective long terme base´e sur un pa-
radigme optimal
Telle que nous la proposons, l’adoption d’une mode´lisation bottom-up, pour un champ pros-
pectif (et non pas pre´dictif) repose :
– sur une allocation de ressources via un programme line´aire classique adapte´ au canevas de
la repre´sentation des e´changes de ﬂux d’e´nergie ;
– l’hypothe`se d’un arbitrage de´cisionnel relevant d’une position centrale (e´ludant donc les
questions de marche´, de compe´titivite´, de facteur « humain ») ;
– des crite`res de choix reposant sur un compromis couˆt/eﬃcacite´ ;
– une dynamique temporelle lente repre´sentative d’un horizon long terme (plusieurs de´-
cennies) : elle s’appuie sur des agre´gations (saisonnie`re, annuelle, courbe de charge), de
spatialite´ (repre´sentation pauvre voire inexistante de la localisation pour les e´changes de
ﬂux).
Depuis sa cre´ation, la me´thodologie de base s’est adapte´e aux nouvelles proble´matiques
du secteur de l’e´nergie (e´changes transfrontaliers, analyse du cycle de vie, e´valuation de la
demande) et aujourd’hui l’acronyme MarkAl recouvre en fait une famille de mode`les de´die´s
a` chaque questionnement (MATTER, TIMES, RMARKAL, MARKAL-MACRO, . . . ).
Malgre´ ces spe´cialisations, on conc¸oit qu’une telle approche n’aura jamais qu’une vertue
d’e´clairage partiel des conse´quences de mesures et de politiques, conscient comme l’e´crit
L. Gilotte [29] que : D’une manie`re ou d’une autre, c’est d’un aller-retour entre les mode`les
analytiques plus compacts et les exercices nume´rise´s que les de´bats continueront a` se nourrir.
Il est cependant primordial de toujours rechercher plus de pertinence aﬁn
– de mieux comprendre et interpre´ter les re´sultats : avec un souci de plausibilite´ technique
(e.g. ﬁabilite´ du syste`me e´lectrique)
– d’ame´liorer la mode´lisation intrinse`que : des objets (e.g re´seaux centralise´s/de´centralise´s),
des nouveaux concepts (e.g. smart grid, green economy), du comportement (e.g. des me´-
nages), . . .
Ces ame´liorations sont au coeur de notre approche scientiﬁque et nous reviendrons ici sur
certaines re´alisations mene´es dans le cadre de deux the`ses : le premier travail [10] se situe
dans le prolongement de nos questionnements sur la valeur carbone, tandis que le second
[22] propose des avance´es spe´ciﬁques sur les questions lie´es au secteur e´lectrique.
Me´nages et contrainte carbone L’impact environnemental lie´ aux e´missions de gaz
a` eﬀet de serre constitue un enjeu conside´rable. La politique de re´duction des e´missions
peut eˆtre envisage´e conjointement via : des outils e´conomiques de taxation (un « pricing »
du carbone) sur le court terme [7], [60] et sur le long terme [2], [61] comme nous l’avons vu
pre´ce´demment. Elle peut e´galement compter sur des progre`s voir des ruptures technologiques.
Enﬁn, comme la contribution sectorielle majeure au niveau mondial au bilan e´missif provient
de la production d’e´lectricite´, suivie par le transports, une forte contrainte de re´duction des
e´missions de CO2 ne pourra se faire sans des modiﬁcations comportementales profondes.
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C’est pourquoi il nous a paru pertinent de se concentrer sur un point de vue particulier :
celui des me´nages, aﬁn d’explorer (au sens prospectif) le comportement des me´nages, dans
une vision long terme, face a` la contrainte carbone (quelle que soit sa de´clinaison).
Dans le cadre de sa the`se, J.M. Cayla a de´veloppe´ un mode`le TIMES portant sur les secteurs
re´sidentiel et transports, en s’appuyant notamment sur une repre´sentation des me´nages tre`s
de´sagre´ge´e qui permet d’apporter beaucoup plus de robustesse par rapport aux autres mo-
de`les de ce type, base´s sur la description d’un me´nage moyen. De plus, a` l’aide d’une enqueˆte
aupre`s de 2000 me´nages re´alise´e dans le cadre de ce travail, il a e´te´ possible de prendre en
compte le comportement de consommation des me´nages de manie`re relativement ﬁne, no-
tamment en rendant compte des contraintes subies par les me´nages et des arbitrages qu’ils
re´alisent entre couˆt et confort [12] (en annexe de ce document).
L’exercice de prospective re´alise´ a` partir de ce mode`le permet d’e´valuer l’eﬃcacite´ en terme
de re´duction et l’impact sur le budget des me´nages de diﬀe´rents outils politiques. Il permet
notamment de visualiser que l’instauration d’une taxe carbone est un moyen eﬃcace de
re´duire les e´missions et que la mise en place conjointe de subventions cible´es permet de
comple´ter l’action de cette taxe tout en diminuant son impact distorsif sur le budget des
me´nages. [11].
Enjeux pour le syste`me e´lectrique Parmi les grandes questions lie´es a` l’e´nergie, celle
du de´ploiement du vecteur e´lectrique prend une place pre´ponde´rante : car les usages de
l’e´lectricite´ sont loin d’eˆtre neutres en terme d’impacts environnementaux et ge´ne`rent des
pertes conside´rables. Le proble`me peut alors se re´sumer en une interrogation simple :
Le recours a` l’e´nergie e´lectrique est-il raisonnable dans une perspective de de´veloppement
durable ?
Aﬁn d’envisager cette question, et d’appre´cier le secteur e´lectrique sur le long terme au regard
de ses e´missions propres en particulier, il est ne´cessaire d’inte´grer les dimensions spatiales
(multi-e´chelles) et temporelles (court, moyen et tre`s long terme) qui font la complexite´ du
secteur e´lectrique projete´ dans une de´marche prospective.
Il s’agit donc d’aller au-dela` des me´thodologies classiques (MarkAl compris) qui rendent
possibles des transferts de pollution en ajustant a posteriori les capacite´s de transport (ou
le de´ploiement du re´seau) aux sce´narios :
1. de demande, e´ventuellement re´vise´s par des actions de Maitrise de la Demande d’Elec-
tricite´ (MDE) ;
2. de production, gouverne´s par l’optimisation des couˆts d’exploitation sous contrainte de
disponibilite´.
En particulier un enjeu lie´ aux questions de re´seau et souvent occulte´ a priori dans l’exer-
cice prospectif est la question de la ﬁabilite´ de la fourniture. Cette ﬁabilite´ constitue une
caracte´ristique essentielle des syste`mes e´lectriques : elle e´value leur capacite´ a` se pre´munir
d’incidents d’exploitation, et repose sur leurs re´serves dynamiques caracte´rise´es par le plan de
tension et la fre´quence, dont les temps caracte´ristiques varient entre quelques millisecondes
et quelques heures. Or, les exercices de prospective long terme, s’inte´ressant a` l’e´volution
des syste`mes e´nerge´tiques sur plusieurs de´cennies, ne permettent pas d’appre´cier la ﬁabilite´
de fourniture. Les syste`mes e´lectriques propose´s sur l’horizon prospectif risquent alors de
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ne plus la garantir, et ceci d’autant plus que l’inte´gration massive d’e´nergies renouvelables
pourrait se faire au de´triment de la ﬁabilite´, du fait de la complexite´ induite par la gestion
de l’intermittence.
L’enjeu de nos travaux consistait a` rendre compatible l’e´valuation de la ﬁabilite´ avec la
dynamique temporelle associe´e aux exercices prospectifs de long terme.
Pour cela, il fallait s’appuyer sur une approche qui permette une repre´sentation agre´ge´e des
syste`mes e´lectriques : l’approche thermodynamique, de´ja` utilise´e avec succe`s dans une formu-
lation variationnelle de l’e´lectromagne´tisme [51], [50] a constitue´ un cadre particulie`rement
favorable [52] pour re´concilier les phe´nome`nes dynamiques de court terme et de long terme 8 .
Revenons quelques instants sur les raisons pour lesquelles le cadre thermodynamique consti-
tue un cadre naturel d’expression de la compe´tition entre vecteurs d’e´nergie particulie`rement
bien adapte´ a` la description des ﬂux d’e´nergie sur le re´seau e´lectrique (on retrouvera si utile
l’ensemble de ces de´veloppements dans [53] en annexe de ce document.) Pour de´crire un
syste`me complexe dont le nombre de particules en interactions est de l’ordre du nombre
d’Avogadro, on doit adopter une description statistique. Dans ce formalisme, l’e´tat d’e´qui-
libre, i.e. thermodynamique, d’un syste`me satisfait au maximum de l’entropie de Shannon
[65] respectant la connaissance macroscopique [32]. Cependant, pour eˆtre comple`te une ap-
proche thermodynamique doit e´galement permettre de de´crire l’e´volution du syste`me sous
des variations de ses variables d’e´tat. Aﬁn de rester cohe´rent avec le postulat d’entropie maxi-
male caracte´risant les e´tats d’e´quilibre, l’entropie du syste`me isole´ global ne peut que croˆıtre
au cours du temps et ide´alement rester constante dans le cas d’une e´volution re´versible.
Invariant par renversement du temps, l’eﬀet Joule est la manifestation de l’irre´versibilite´
dans le contexte particulier de l’e´lectromagne´tisme. On montre alors que la loi de Faraday
correspond a` l’e´criture locale d’une condition globale exprimant une tendance optimale vers
la re´versibilite´ [51], [50]. Cette proprie´te´ remarquable prolonge, par sa signiﬁcation thermo-
dynamique, les approches variationnelles plus classiques de l’e´lectromagne´tisme [30], [58].
Dans cette e´criture, la loi de Lenz s’exprime par l’inertie du couplage entre le champ e´lec-
tromagne´tique et ses sources d’excitation. Elle introduit naturellement le roˆle essentiel de
la puissance re´active pour assurer la stabilite´ du re´seau sous des ﬂuctuations de charges ou
de production. Compte tenu de la segmentation des e´chelles spatiales mises en jeu par les
phe´nome`nes de conversion e´lectromagne´tique, on peut formuler une hypothe`se de ”champ
moyen” ou` un lieu de conversion subit essentiellement le comportement collectif (moyenne´)
de son voisinage. Alors le caracte`re quadratique de la fonctionnelle sur laquelle est exprime´e
la condition de re´versibilite´ procure un formalisme multi-e´chelles qui consiste a` substituer
la condition globale de re´versibilite´ par une de´clinaison sur chaque e´chelle contribuant a` la
conversion e´lectromagne´tique. Le re´seau e´lectrique re´alisant l’e´chelle la plus macroscopique,
son comportement dynamique obe´it a` l’e´volution la plus re´versible. Or, si cette condition
est assure´e globalement par l’e´quilibrage du re´seau, on peut chercher a` la satisfaire le plus
localement possible, l’e´cart de´ﬁnissant une (densite´ de) puissance e´lectrique imputable au
mode de distribution choisi et la disponibilite´ escompte´e.
Cette repre´sentation dynamique et continue est extreˆmement pre´cieuse car elle nous permet
de nous aﬀranchir de la description par re´seau de Kirchhoﬀ inutilement lourde, voire inex-
8. D’un point de vue the´orique, l’uniformite´ du temps confe`re a` l’e´nergie d’un syste`me isole´ d’eˆtre un
invariant, et par conse´quent, d’eˆtre susceptible de re´concilier les e´chelles de temps
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ploitable, dans le cadre de l’exercice prospectif. Ainsi, graˆce a` cette vision agre´ge´e du re´seau
e´lectrique il est possible d’e´tablir deux indicateurs de ﬁabilite´ relatifs aux re´serves dyna-
miques du syste`me e´lectrique, et donc de quantiﬁer de fac¸on originale le niveau de ﬁabilite´
d’un syste`me e´lectrique en fonction du mix de production qui lui est associe´ [22]. Ce re´sultat
a fait l’objet du de´poˆt d’un brevet de principe [46], dont on trouvera les e´le´ments diﬀusables
en annexe de ce document.
De´s lors, on dispose d’un outil quantitatif qui nous permet de valider les sce´narios prospectifs
e´lectriques en terme de ﬁabilite´ et de re´ﬂe´chir au mix qui permettrait de ne pas de´grader ce
crite`re tout en
– inte´grant massivement des e´nergies de type renouvelable, majoritairement re´pute´es pour
ne pas participer a` cette re´serve [43]
– introduisant des e´le´ments de gestion de la demande qui sous tendent le principe du re´seau
intelligent [8]






Comme nous l’avons e´voque´, les questions d’e´nergie associe´es aux changements climatiques
et a` la mondialisation sont l’occasion d’un renouvellement the´matique dont nous avons pu
suivre les e´volutions durant la dernie`re de´cade. Nous avons rappele´ la charnie`re constitue´e
par l’anne´e 2000 en envisageant les conse´quences complexes de l’ouverture des marche´s de
l’e´lectricite´, puis du gaz en Europe.
A partir de cette date, les contraintes environnementales sur les e´missions de gaz a` eﬀet de
serre lie´es a` l’activite´ anthropique, et en particulier celles associe´es a` la chaine e´nerge´tique (de
l’amont a` l’aval) ont e´te´ l’objet de toutes les attentions et ont suscite´ la publicite´ d’un certain
nombre de solutions, toutes promues dans l’espoir de conduire a` des re´ductions signiﬁcatives
du volume des e´missions globales.
Ainsi nous avons pu assister
– a` l’e´mergence ou a` la renaissance de concepts tels que : e´cologie industrielle, eﬃcacite´
e´nerge´tique, e´conomie verte, croissance verte, de´croissance, ﬁnance carbone . . . certains
e´tant inte´gre´s dans les objectifs de l’agenda climatique (comme les gains en eﬃcacite´
e´nerge´tique)
– a` la promotion de ressources renouvelables nouvelles ou ancestrales : biocarburants de
premie`re et de deuxie`me ge´ne´ration, biomasse, solaire, e´olien, e´nergie des mers (vagues,
pelamis, hydroliennes, . . . ) ge´othermie, . . .
– aux de´ploiements ou a` la promotion des investissements dans des technologies (ou solu-
tions technologiques) : panneaux solaires photovoltaiques, batteries, smart grid (re´seau
intelligents), smart cities (villes durables), smart buidings (baˆtiments intelligents), . . .
Tous sont e´rige´s au rang de solution pour la lutte contre les changements climatiques, tous
sont pre´textes a` discordes entre les pour et les contre.
Pour nous il s’agit en re´alite´ d’autant de sujets d’investigation pour lesquels la de´marche
prospective assortie de son paradigme optimal, et telles que de´crites pre´ce´demment, peuvent
se de´cliner de manie`re a` apporter des e´le´ments d’appre´ciation et d’arbitrage quant a` l’eﬃca-
cite´ des solutions propose´es, et a` leur robustesse.
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Dans ce contexte, la mise en oeuvre de cette philosophie, destine´e a` accompagner le de´cideur
pour de´crypter le futur sur un certain nombre de questions ouvertes nous a permis certaines
re´alisations [66], [54], [64], [9], [23], [] et constitue le cadre de travaux de the`se :
– Une roadmap pour la smart grid ? ou quels be´ne´ﬁces (climatique) attendre des solutions
dites de Demand Response (ou eﬀacement de la demande) : the`se de S. Bouckaert (initie´e
en 2010).
– Synergies eau et e´nergie ou comment inte´grer l’eau dans une prospective e´nerge´tique de
long terme : the`se de A. Dubreuil (initie´e en 2009).
– Futur des biofuels ou les be´ne´ﬁces des nouveaux proce´de´s technologiques : the`se de P.
Hugues (initie´e en 2011).
– De´croissance ou croissance verte ? quels concepts sous jacents, quel impact sur le long
terme ? : the`se de F. Briens (initie´e en 2011).
– Inte´gration du renouvelable sur un re´seau centralise´/de´centralise´ ? Quel arbitrage spatial
pour une inte´gration massive respectueuse de la qualite´ du service ? : the`se de V. Krakowski
(sera initie´e en 2012)
Finalement, parce qu’ils s’appliquent autant a` nos recherches qu’a` leur esprit, et sans doute
au dela` a` nous meˆme, nous conclurons sur les conseils prospectifs de C. Peguy :
L’heure qui sonne est sonne´e. Le jour qui passe est passe´. Demain seul reste, et les apre`s-
demain . . . .
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Pour comple´ter les expose´s qui pre´ce`dent, on trouvera dans ces annexes les articles suivants :
relatif chapitre 2 : controˆle actif du son :
– l’article de´taillant les de´veloppements relatifs au controˆle actif du son [6]
relatif chapitre 4 : me´nages et carbone :
– l’article pre´sentant l’exploitation de l’enqueˆte sur le comportement des me´nages en
particulier dans le cadre prospectif [12]
relatif chapitre 4 : prospective et vecteur e´lectrique :
– l’article discutant les enjeux de l’inte´gration du court terme pour une meilleure des-
cription des syste`mes e´lectriques dans une prospective de long terme [47].
– l’article pre´sentant la de´clinaison de l’approche thermodynamique pour repre´senter
le re´seau e´lectrique en une vision agre´ge´e [53].
– la premie`re page du Brevet de principe[46].
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a b s t r a c t
The main purpose of this paper is to characterise quantitatively the impact of income on household
energy consumption in the residential and transport sectors. Starting from the data collected in a paper
survey, we analyse the extent of the constraint experienced by households in terms of equipment
purchasing behaviour and daily energy consumption. This analysis shows that the least well-off
households are particularly constrained since the share of their budget represented by these energy
services is very large (15–25%), and this corresponds to a level of energy service well below that of the
better-off households. The case of space-heating shows a factor of 2 in terms of level of comfort
achieved between the extreme 10-percentiles. These households also face a strong capital constraint for
equipment purchases. This leads either to a large increase in the required rate of return or to a
reduction in the proportion of households that are prepared to replace their equipment earlier. The
least well-off households are thus doubly constrained, since it is more difﬁcult for them to invest. In our
opinion, it is crucial to take into account this observation in the context of political measures aimed at
reducing households’CO2 emissions.
& 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Households do not consume energy for itself but energy
services, either at home or for travelling. This consumption of
services is embedded in an extremely complex system involving
elements of technical, economic, social and psycho-social origin. In
the case of the residential sector, it has been shown that the level of
energy consumption in a single dwelling may vary largely accord-
ing to the household behaviour (Moussaoui, 2006). A previous
study that we conducted on space heating energy consumption in
France emphasises the signiﬁcant impact of behaviour. Indeed, it
seems that about 33% of consumption variations can be attributed
to household characteristics (Cayla et al., 2010) which is fairly
coherent with Sonderegger’s results (1977). Understanding the
determinants that govern energy consumption behaviour has thus
been the subject of abundant literature for more than 30 years.
Amongst all these household variables, it is household income that
seems to play the greatest role in energy consumption (Dillman
et al., 1983; Black et al., 1985). From an economic point of view, on
the one hand, income exerts a large inﬂuence on the implicit
discount rate used by the household when purchasing equipment,
as shown by Hausman’s pioneering work (1979) on air cooler
devices or by Goett and McFadden (1982) on space heating
systems. On the other hand, it also inﬂuences the level of energy
consumption via the income elasticity parameter: the higher the
income, the higher the energy consumption. In fact, income also
plays a role in the type of reduction strategy likely to be adopted by
households. Better-off households tend to invest in efﬁcient equip-
ment, whereas the least well-off households tend to curtail their
daily energy consumption (Verhallen and Van Raaij, 1981; Black
et al., 1985; Bartiaux et al., 2006). From a sociological point of view,
a combination of socio-demographic attributes, such as age, type of
family, urban/rural area or income constitute households’ social
classes. These social classes deﬁne the ways people live, which in
turn result in practices that affect energy consumption. However,
amongst these variables, the most important is once again income,
or rather the income class, as it remains the major constituent
element of social class (Bigot, 2007).
The main purpose of this paper is thus to attempt to char-
acterise quantitatively the impact of income on household energy
consumption in the residential and transport ﬁelds. In particular,
we seek to show the constraint that income places on households
relating to both purchasing efﬁcient equipments and daily energy
consumption. Section 2 presents the methodology and content of
the survey that supports the analyses in this paper. Section 3
looks at the impact of income on daily energy consumption and
its impact on the level of comfort. Section 4 deals with the impact
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of income on equipment choices regarding the return on invest-
ment required by households and the replacement rate. Section 5
attempts to break down the behavioural aspect of energy con-
sumption into two distinct types of practise. Section 6 presents
our conclusions.
2. Presentation of the survey
2.1. Survey methodology
The paper questionnaire was drawn up in collaboration with
the SOFRES polling institute and was sent by mail at the begin-
ning of July 2009 to 3000 households drawn from the SOFRES
Me´tascope panel. The questionnaire consists of a ‘‘residential’’
part, covering the technical characteristics of the building, the
equipment and domestic practices, to be completed by the head
of the family, and a ‘‘transport’’ part, covering mobility and the
use of transport, to be completed by a member of the household
over 18 years old chosen at random.1 This sample was chosen to
be representative in respect of the following variables (Table 1).
Upon collection of the questionnaires, 2012 households had
completed and returned both parts of the questionnaire, which
corresponds to a return rate of 67%. This ﬁnal sample was then re-
weighted on the basis of these same variables so as to be
representative of the whole French population.
Regarding energy consumptions and associated expenditure,
the amounts were obtained for the whole year 2008 directly by the
questionnaire for natural gas, fuel oil, LPG and wood. For electricity,
consumption levels were obtained from the EDF2 customer data-
base. Regarding transport, the distances covered according to
reason and means of transport were collected from individual
questionnaires ﬁlled in relating to journeys made. For local travel
(o100 km), respondents ﬁlled in information on all journeys made
over the last 7 days. For long-distance leisure travel (100–500 km)
and very long-distance leisure travel (500–8000þkm),3 respon-
dents ﬁlled in information on journeys that took place, respec-
tively, during the last month and the last 12 months. The distances
obtained were then converted to fuel use based on the technical
characteristics of cars, and transport ticket expenditure on the
basis of the price index for public transportation.
2.2. Representativeness of the survey in terms of energy
consumption
The graphs below present energy consumption levels for each
end-use4 and per energy source in the residential sector, as well
as the distances covered for local mobility (LM) and long-distance
mobility for personal reasons (LDM) by mode of transport, and
these are compared with reference data.5 Figs. 1 and 2 compare
Table 1
Calibration variables of the sample.
Variable Level of detail
Income 1st quintile 2nd quintile 3rd quintile 4th quintile 5th quintile
Age, head of household o40 years 40–65 years 465 years
Home type House Flat
Area type Rural Exurban Suburban City
Type of family Single Couple, no child Single and children Couple and children
Ownership status Owner Tenant
Date of construction o1949 1949–1975 41975


















































































































Fig. 1. Residential energy consumption.
1 Working household members have a greater chance of being chosen,
resulting in 65% working and 35% out of work respondents in the ﬁnal sample.
2 EDF stands for ‘‘Electricite´ de France’’, the main French electricity utility.
3 Local mobility includes short distance mobility for all purposes that occur
during week days or during week-end, including leisure purpose.
4 For more details of the methods used to determine energy consumption
for each use in cases where one form of energy satisﬁes several needs, see
Appendix A.
5 CEREN (Centre for Studies and Economic Research on Energy), INSEE
(National Institute of Statistics and Economic Studies) and CCTN (Commission of
Accounts of Transport of the Nation) are French organisations that supply
reference data on energy consumption in France. For mobility, the CCTN data
were adjusted to reﬂect the population, and airborne mobility to foreign destina-
tions so as to correspond to the scope of the EDF and INSEE surveys.
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the results obtained with the EDF survey and French reference
databases.
The results relating to energy consumption are very close to
the values provided by the major national reference databases.
Indeed, we observe very slight differences for total energy con-
sumption and for market shares of the various energy sources and
end-uses. This gives us a good indication of the representative
nature of the sample used.
3. Household energy bills
3.1. Residential and transport: two primary necessities
Expenditures on energy consumption under the residential
heading correspond to the sum of bills supplied by the household,
to which we add any charges for heating and hot water for
households using a shared heating system. Although these house-
holds do not always declare a heating bill, they nevertheless
devote a large amount of income to this item. Furthermore, they
are frequently tenant households in apartments and thus often
less well-off than average. With regard to transport, we limited
ourselves to expenditure relating to weekly mobility, i.e. expen-
diture on fuel for travel during the week and on public transport
tickets. These elements were chosen since they are a better
reﬂection of the share of truly constrained consumption than
the more commonly used indicator of total fuel expenditure. The
latter combines weekly mobility for work or shopping with long-
distance mobility for leisure as well as omitting household
expenditure on public transport. Those households that use the
most public transport are more likely to have no car and are less
well-off on average.
It can be seen in Fig. 3 that these two types of expenditure
show a similar proﬁle. The amounts involved are fairly close,
which corroborates ﬁgures already put forward by the INSEE
(INSEE, 2008). We can also see three parts to these curves, which
correspond to a constraint, an area of elasticity and a beginning of
saturation. Indeed, domestic energy and local weekly mobility are
essential items of expenditure for households and as such are
strongly constrained. We thus see that the level of expenditure
does not decrease with income for the poorest 30%: these house-
holds commit minimum expenditure in order to be able to live. At
the other end of the curve, there appears to be a phenomenon of
saturation for the last 20 percent, which is also characteristic of
primary necessities. Finally, for households with middle incomes,
we see an elastic area where expenditure committed by the
household increases with income. The comfort of these house-
holds is not saturated and, as their income rises, part of it is
allocated to satisfy this need. The slope of the elastic part of
consumption, which corresponds to the magnitude of this
income-related effect, is roughly the same for the residential
and transport items: 1.75% for transport and 1.82% for residen-
tial. The elastic part of the consumption that we found is coherent
with the fact that middle-class households are often more
reactive to price variations than low- and high-income house-
holds. This is because low-income households are already con-
strained and might not further reduce their consumption,
whereas high-income households are rich enough and do not
pay attention to price variations (Verhallen and Van Raaij, 1981)
(Fig. 4).
The curves representing the budget shares of the residential
and local transport sectors clearly show the income constraint
suffered by less well-off households. Minimum expenditure, at
about 1000 euros (Fig. 3), denotes an explosion in the share of the
budget allocated to domestic energy and travel. This share
represents between 2% and 6% of income for the majority of
households, but can reach 8% or even 12% to 14% for the less well-
off. We can thus make the following observation: a budgetary
constraint on the residential item adds to the constraint on the
local transport item, so that the less well-off households are
constrained on both items at once.
If we now examine household expenditure on long-distance
travel (4100 km) for leisure/holiday purposes, the situation is
quite different. Indeed, Fig. 5 shows that there is no minimum
expenditure commitment for low incomes and the budget share
allocated to long-distance travel remains under perfect control
(around 5%).
Distances traveled by transport mean for local mobility and long-




















































































Fig. 2. Local mobility and long-distance mobility, distances travelled.
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Fig. 3. Household energy expenditures.
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Fig. 4. Budget share of energy expenditure.
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The shape of these curves is entirely typical of a luxury item
and perfectly illustrates, in the context of a policy of constraint on
transport, the necessity of distinguishing local weekly travel that
is a constraint from long-distance leisure travel.
The existence of a minimum level of expenditure for least
well-off households for residential and local mobility purposes
leads one to think that these items are primary necessities. And
these expenditures weigh much more heavily in the budget of the
least well-off households than they do in those of the best-off, in
fact we ﬁnd a ratio of 6–7 between the extreme 10-percentiles in
the importance of these budget items. The constraint is then
double: the least well-off households consume less energy
than the best well-off households and these energy bills have a
greater importance in their budget. It is interesting now to see if
this difference in energy consumption reﬂects a difference in
energy services consumed, that is to say a difference in level of
comfort.
3.2. The case of space heating: income as an indicator of the level of
energy service
We are more particularly interested in the case of energy
consumption for heating use for several reasons. One reason is
that heating represents a high share of energy consumption (70%)
and CO2 emissions in the residential sector and, furthermore, it
seems particularly ﬂexible to the extent that we frequently
observe rebound effects of 10–30% (Greening et al., 2000).
Another reason is that a method exists for calculating heating
requirements based solely on thermal considerations. In this
method, known as DPE-3CL,6 the behaviour of the household is
taken into account in a uniform and standardised manner. This
method is currently used to deﬁne a building’s energy label for
use in property transactions and is enshrined in French law
(Ministere de l’emploi, de la cohe´sion sociale et du logement,
2006).7 The thermal calculation is relatively complex but can be




where HD is the energy consumption in kWh, ENV is losses per
unit area expressed in W/K m2, which depend on the heat loss
coefﬁcients and surface areas of the various types of wall
surface—masonry walls, opening doors and windows, ceiling,
ﬂoor—and on ventilation losses, Dh is the number of degree-
hours of heating, Surf is the useful living area, Rdt is the overall
efﬁciency of the heating system and C is a constant.
It thus seems interesting to compare the estimated space
heating consumption9 of the household with this normative
consumption, especially from an income point of view. It is
possible to make this DPE-3CL calculation using the data collected
in the survey regarding the technical and thermal characteristics
of the building (shape of the building, surface area and degree of
insulation of the walls, windows, ceiling and ﬂoor, and ventilation
system), the meteorological data (number of uniﬁed degree-days,
altitude, insulation) and the technical characteristics of the
heating system (type, age, energy, etc.). Of course, the behaviour
of the household in terms of practices – reduction of temperature
during the night or while away, unheated rooms, duration
of ventilation of the dwelling in winter – play a signiﬁcant
role and would make the real consumption differ from this
normative consumption. The graph below shows the ratio
between real consumption and normative consumption as a
function of income for the various 10-percentiles of income.10
This ratio between estimated consumption and normative con-
sumption corresponds to a certain level of comfort and is quite
similar to the notion of service factor developed by Haas and
Biermayr (2000) (Fig. 6).
We can observe a linear impact of income on the level of
service factor for space heating purposes. Well-off households do
not restrict themselves and heat their whole dwelling to the
desired temperature, while the less well-off heat less and adopt
reduction strategies. The absolute value of this service factor ratio
does not correspond to the coverage of theoretical need, since we
could have chosen another reference. In particular, the normative
behaviour used in the DPE-3CL calculation considers that each
household heats its entire home to 18 1C during the whole
Long-distance travel expenditure for
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Fig. 5. Expenditure and budget share for long-distance travel.


































10000 20000 30000 40000 50000 60000 70000
R2 = 0,9218
Fig. 6. Service factor for space-heating end-use.
6 DPE-3CL stands for ‘‘Diagnostic de Performance Energe´tique—Calcul Con-
sommations Conventionnelles des Logements’’, it is the ofﬁcial method in France
to estimate conventionnal housings consumption in order to label its energy
performance.
7 For more details of the calculation method, see www.logement.gouv.fr.
8 Applying a linear regression between the actual calculation and the
simpliﬁed formula, we obtain a coefﬁcient R2¼0.996 for N¼1980.
9 In cases where the energy bill corresponds to several uses, the share relating
to heating had to be estimated (see Appendix A for more details).
10 Income deciles 9 and 10 have been aggregated because there were too few
respondents.
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heating season. It is a coincidence that the richest households
have a service factor of 100%, it could have been 80% or 120% for
instance, because this reference is not a deﬁnition of the house-
hold’s needs. What seems to be of particular interest in our
opinion is how this ratio evolves with the income. And in fact,
we observe almost a factor of 2 in terms of level of service
consumed for space heating between the ﬁrst income decile and
the last income decile. This observation seems consistent with the
income effect shown above (Fig. 3) and helps to quantify the
restrictive behaviour adopted by the least well-off households.
With regard to the transport sector, the connection between
expenditure and the energy service provided seems more difﬁcult
to establish. It would nevertheless be interesting to carry out the
same type of analysis on mobility needs, by considering, for
instance, a standardised travel requirement for each transport
motive (e.g. work, shopping, administrative procedures) as a
function of the type of infrastructure and to examine the impact
of income.
4. Equipment purchasing behaviour under income constraint
In the paper questionnaire, the households surveyed answered
a section regarding the replacement of their heating equipment,
their refrigerator and their main car when they have at least one.
They were asked if they were ready to replace their current
system within the following year and using what amount of
annual savings they were ready to do so (Fig. 7).
We offered a ﬁxed price consistent with the market – in the
case of the heating system, the amount offered of h7000 repre-
sents expenditure lying between a high-temperature heat pump
and a low-temperature gas boiler – so as to obtain a proportion of
positive responses and savings amounts demanded consistent
with technologies currently available on the market.
Regarding private vehicles, the respondents had to indicate in
advance a price range for the future purchase that they intended
to make, given that the base price of a car varies considerably
with the range and size of car in question,11 the additional cost
offered for an efﬁcient being 2000 euros relative to this base. It is
thus possible, from the declared amount of savings, to calculate
the proportion that cancels out the current net value of the
investment thus used by the respondent. This proportion is not,
strictly speaking, an discount rate but rather a minimum rate of
return on investment demanded, as noted by Greene et al. (2004)
(Table 2).
The required rate of return a is then usually calculated as the
rate that cancels out the NPV of the investment from the amount







Figs. 8 and 9 present the variation in income of the proportion
of households declaring that they are ready to change their
system and the variation in income of the rate of return used by
households that are ready to change their equipment.12
First of all, it must be remembered that the values obtained are
only declarative values. They may not reﬂect the real behaviour of
the households, partly because they do not deal with real market
characteristics such as imperfect information or various transac-
tion costs. Nevertheless, the values obtained by this kind of
method are not, in general, very far from those obtained by
revealed preference methods (Train, 1985). Furthermore,
although great attention was given to the formulation of the
questions, it is inevitable that the answers given by the house-
holds are subject to psychological biases and framing effects
(Kahneman, 2003). We can, however, note that the amounts of
savings ﬁlled in by households do not exceed their actual bill, and
that a signiﬁcant proportion of them answered that they would
not change their system instead of ﬁlling in an unrealistic amount
of savings. This seems to indicate that households are aware that
the gain arising from the new system will necessarily be limited,
and that some of them that they are not in a position to invest the
amount offered in the coming year. These two observations
support the idea that households took a close look at their own
situations at the time of answering and provided answers in a
way that seemed to them realistic.
Regarding the purchase of a refrigerator, we note ﬁrst of all
that the required rate is very high: between 20% and 30% with an
average value of 25%, while the declared replacement rises
slightly with income. This value seems very close to that obtained
by Hausman (1979) in his work on air conditioners as well as to
that obtained by Houston (1983) for ‘‘untried, energy-saving
durable goods’’ using a similar paper questionnaire method.
The similarity between these studies lies in the fact that the
cost of the equipment is of the same order of magnitude: between
100 and 1000 euros, referring back to speciﬁc electricity end-uses,
with a relatively-low utilisation cost that is unknown to the
household.13 Households are not particularly constrained by
expenditure on refrigeration and do not seem particularly inter-
ested in making energy savings by replacing their equipment
in advance or by paying an on-cost when replacing their equip-
ment to save electricity. The selection of equipment is in
reality a choice between several bundles of attributes, such as
size, ease of upkeep, reliability or even appearance. And the
energy-saving purchase criterion is sometimes just secondary
(Desjeux et al., 1996). For the refrigerator, the low level of
importance accorded to energy efﬁciency is fairly justiﬁed eco-
nomically, given the low weight of refrigeration expenditure in
the total electricity bill.
For the heating system, the average value of required rate
of return is around 11%. This seems fairly close to the value
of 9% obtained by Sadler (2003), also by questionnaires, but is a
fairly long way from the values of around 20–25% usually
Fig. 7. Extract of questionnaire on equipment choices.
11 The size of the vehicle depends largely on the size of the household. Price
for the next personal vehicle is given in Appendix C.
12 Some detail about statistics on these values is provided in Appendix C.
13 Households cannot know the precise electricity consumption of a single
appliance as they receive an overall bill.
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obtained for this use (Jaffe and Stavins, 1994; Dubin and
McFadden, 1984). However, what is more surprising is the fact
that the value obtained increases with income. In reality, the
value of this rate must be put into perspective with the fact that
the declared replacement rate increases very strongly with
income, rising from 20% to 50% for well-off households. Taken
together, these two curves are explained by two main factors.
On the one hand, the least well-off households show a strong
interest in reducing expenditure on an item that costs them dear,
as we have seen in the previous section and as found by Sadler
(2003), which is in line with the low values observed for the ﬁrst
income quintile. Nevertheless, these households are constrained
by access to capital and only 20% of them are ready to invest.
On the other hand, 50% of well-off households are prepared to
change their system, which means that a large share of them
are prepared to replace their equipment early, i.e. before the end
of its lifetime. For households whose system has reached its end
of life, the cost of the proposed investment is, in reality, an on-
cost relative to other, less expensive systems, while for those
whose system is more recent, there is an option value to
wait (Pindyck, 1991; Hassett and Metcalf, 1993). This explains
why households that decide to replace their system early have a
higher required return on investment to the extent that they
would have been able to invest their money elsewhere and at
lower risk.
We can thus imagine that this generally increasing rate is the
sum of two rates used by two categories of household: a fairly low
rate used by the 20% of households that plan to change their
system soon, the value of which could decrease with income, as
for the car, and a fairly high rate used by households that change
early and consider the purchase of new equipment as a standard
investment. The demanding behaviour of investors without capi-
tal constraint would thus explain the rising value of this rate. It
would be interesting, in order to test this hypothesis, to ask the
same question again but this time including elements on the
perceived age of the current heating system and the number of
years that the household expects to wait before renewing its
equipment.
Finally, regarding private cars, the declared replacement rate
remains constant with income at around 20%, and the required
rate of return decreases with income for an average value of
nearly 9%, which seems slightly low compared with the values
obtained by other studies on the subject: 11–17% (Dreyfus and
Viscusi, 1995) and 4–40% (Greene, 1983). In the case of the car,
the results obtained thus imply that equipment renewal is not
considered as an investment in the same way as heating is.
Indeed, despite the high budget share represented by fuel, this
is certainly largely explained by the fact that purchase criteria
such as range, comfort, engine power, brand and the image
conveyed by the equipment are much more important than fuel
consumption (Clochard et al., 2008). As noted by Douglas and
Isherwood (1979), ‘‘objects are always involved in social pro-
cesses of cultural distinction, identity building and belonging that
far exceed their material function alone’’. This is particularly true
for cars, which are very visible assets.
To sum up, the graphs of required rate of return and declared
renewal rate must be set against each other. Thus, the fact that
the required rate of return varies according to ﬁnal use is not
inconsistent, it simply illustrates the fact that the energy efﬁ-
ciency criterion – the only one easily quantiﬁed – does not carry
the same weight as the other decision criteria for all these various
uses (Winer, 1997). Rather than the absolute values of rates and
renewal shares obtained by this method, what seems interesting
to us is the way in which they vary with income. In particular, in
the case of heating, the rising renewal share reﬂects very well the
magnitude of the capital constraint suffered by the least well-off
households. This constraint of access to capital restricts the
overall amount of expenditure that the household can afford,
which leads to a restriction of the technologies accessible at their
initial price. However, this also implies trade-offs between uses,
with the result that households cannot pay for refurbishments
and change their car at the same time.
Table 2
Equipment choice items.
Equipment Cost (h) Lifetime
(years)
Mean required






Space-heating 7000 20 11.6 29.8 64.3 8.0
Freezer 400 15 25.3 27.8 61.3 8.9
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Fig. 8. Share of households that are ready to invest.
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Fig. 9. Required rate of return declared by households.
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5. Intensity of service and energy management: the two facets
of daily behaviour
The importance of the various practices relating to energy
consumption is preponderant and we might be tempted to
analyse the determinants of these practices in detail. However,
it is very difﬁcult to explain the adoption or otherwise of any one
particular practise using socio-demographic variables alone.
Many relatively complex models have been built to try to explain
the causal chain of the adoption of a behaviour pattern. Amongst
these, we can mention the Value-Belief-Norm model produced by
Stern et al. (1999) or the Theory of Planned Behaviour proposed
by Ajzen (1991). Undertaking a given practise closely depends on
individual intentions to act and the perceived feasibility of the
action (Corraliza and Berenguer, 2000). These intentions depend
on individual attitudes to this action, guided by values, especially
environmental concerns, and more collective aspects connected
with social norms (Ajzen, 1991; Bamberg, 2003). We can see the
difﬁculty of collecting these various qualitative determinants in a
detailed and robust manner, especially if each action is to be
studied. On the other hand, it seems interesting to establish a
behavioural proﬁle by considering a set of domestic practices. In
the context of managing budgetary items relating to energy,
households seem to pick through a repertoire of possible prac-
tices. The overall trade-offs between cost and comfort and the
resulting energy savings thus seem to be more easily explained by
the combinations of socio-demographic attributes that deﬁne
social classes (Moussaoui, 2005).
Households were asked to answer questions regarding their
domestic energy practices in a section of the survey. We separated
these practices into those relating to intensity of use and those
relating to energy management. For example, the weekly number
of washing machine uses relates to intensity, while using a wash
temperature of 30 or 40 1C relates more to management. We have
thus collected 22 domestic practices that we have ranked from 1
(very low-energy) to 4 (very energy-intensive) (Table 3).14
It is now possible to establish, for each household, an overall
management and intensity score from 1 (very low-energy) to 4
(very high-energy) by adding the scores obtained for the various
practices. We then compare average scores obtained for house-
holds according to their income deciles (Figs 10 and 11).
We observe a score difference of nearly 0.5 between the
extreme income deciles and a net decreasing effect of income
on the energy intensity score. This means that the better-off
the household, the more it tends to intensify its use of
energy-consuming services. This observation is in line with that
made previously regarding a lifting of the energy constraint as
income increases.
Table 3
Practices related to domestic energy consumption.
Description 1 2 3 4 Type
Temperature in the main room during winter r16 1C 17–19 1C 20–22 1C Z23 1C Intensity
Part of house not heated 450% 25–50% 0–25% 0% Intensity
Temperature reduction during half-day vacancies Always Often Sometimes Never Management
Temperature reduction during week-end vacancies Always Often Sometimes Never Management
Temperature reduction during week vacancies Always Often Sometimes Never Management
Temperature reduction at night Always Often Sometimes Never Management
Duration of ventilation per week r35 min 36–105 min 106–135 min Z135 min Management
Number of baths per person per week 0 0.5 1 41 Intensity
Total duration of showers per person per week r35 min 36–70 min 71–105 min Z135 min Intensity
Water runs constantly during showers No Sometimes Yes Management
Morning and night coolness is used to cool dwelling during summer Often Sometimes No Management
Shutters/blinds are closed at night Often Sometimes No Management
Light is kept on when the room is empty Never Rarely Sometimes Regularly Management
Light is used during daytime Never Rarely Sometimes Regularly Management
Frequency of washing machine per week o1 1 2–6 Z7 Intensity
Washing machine is full when using Yes Unaware No Management
Temperature of washing machine r30 1C 40 1C 60 1C 90 1C Management
Frequency of dishwasher per week o1 1 2–6 Z7 Intensity
Dishwasher is full when using Yes Unaware No Management
Duration of use of TV and computer r3 h 4–5 h 6–7 h Z8 h Intensity
TV is on when nobody is watching it Turned off Standby Turned on Management
Computer is on when nobody is using it Turned off Standby Screen off Turned on Management
















Fig. 10. Intensity score by income decile.
















Fig. 11. Management score by income decile.
14 Practices answered on 3 levels are rated as follows: 1–2.5–4, in order to be
comparable with the other practices answered on 4 levels.
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Conversely, when we examine the effect of income on the
average management score, we see that it is nil, and that the fact
of taking care to turn off lights, standbys or reduce the tempera-
ture of the home during absences has nothing to do with being
rich or poor. Although these practices help to reduce energy
consumption, they do not seem to be adopted as a priority by
low-income households with an objective of limiting their
consumption.
We then carried out a multi-linear regression to try to explain
the variance of the intensity score on the one hand and the
variance of the management score on the other. The variables
tested were the classic socio-demographic variables relating to
the household and the values of the reference person in the
household. These values are those described by Schwartz (1992);
they were collected in the questionnaire using a portrait method
comprising 27 questions drawn up for France by Wach and
Hammer (2003).15 The scores attributed to each of the values by
the respondent were then centred relative to the average score
attributed by the individual to the various values.
With regard to the intensity score, it is pretty much deter-
mined by socio-demographic variables16 : income, of course, but
also age and type of family; we obtained a coefﬁcient R2¼0.19.
This is in line with the notion of a need that is more or less
satisﬁed by way of the cost/comfort trade-offs made by the
household.
On the other hand, the management score is not well
explained; we obtained a coefﬁcient R2¼0.05 and it can be seen
that the role played by these socio-demographic variables, except
for age, is greatly diminished. Either they are statistically insig-
niﬁcant or their impact remains low. The variables for which
impact ultimately seems the most signiﬁcant, although overall
regression is poor, are the Schwartz values associated with the
two axes, self-transcendence/self-enhancement and openness to
change/conservatism. This can be explained by the fact that, in
the behaviour models described at the beginning of this section,
values inﬂuence the formation of attitudes that themselves play a
major role in explaining behaviour.
This impossibility to explain energy management behaviour
using the socio-demographic variables alone is particularly in line
with a concern for energy that is more related to education,
environmental concerns or even social norms as noted by
Bartiaux et al. (2006) and Shove (2003).
Ultimately, a change in household income would certainly lead
to a change in its energy consumption through a change in the
intensity of energy service consumption, i.e. through changes in
the cost/comfort trade-offs made within the various consumption
items. On the other hand, the household’s daily energy manage-
ment would no doubt remain more stable over time. Indeed, once
adopted, these daily practices relating to the management (or
non-management) of energy become habits that it is fairly
difﬁcult to change (Desjeux et al., 1996). These two facets of
energy consumption practices reﬂect very different mechanisms
in the action and different possible changes in behaviour
over time.
6. Conclusion
The survey we have conducted here is quite interesting as we
have included technical variables and behavioural variables. We
have then been able to characterise quantitatively the inﬂuence of
household income on energy consumption and it appears that the
constraint exercised by lack of resources seems particularly
strong and exert various effects on household behaviour that
should be considered in the design of energy policies. In the
context of a strong CO2 emissions reduction a carbon tax seems of
particular interest as it would guide households to invest in more
efﬁcient equipments and to reduce their consumption for carbon-
intensive services such as take plane for leisure. But the efﬁciency
of such a tax may be largely reduced if additional policies are not
considered.
First we have seen that the least well-off households are not in
a position to make investments in higher performing equipment
that would enable them to reduce their energy bills. In fact, they
are highly constrained in terms of access to capital, which is
particularly well illustrated in the case of purchasing heating
systems. For those deprived households the establishment of a
carbon tax would lead only to a welfare loss and an explosion of
budget shares allocated to primary goods. It thus seems a matter
of priority to favour access to capital for the most deprived,
whether by means of subsidies, grants or of zero-rate loans in
favour of efﬁcient technologies.
Nevertheless, facilitating access to capital for deprived house-
holds would not be sufﬁcient to reduce CO2 emissions. Indeed,
given the low level of satisfaction of needs for those households, it
seems almost certain that we will have to deal with a strong
rebound effect. This phenomenon of catch-up on the level of
comfort seems fairly independent of the level of consumption in
absolute value, since such low-income households also aspire up
to catching up with middle-class living standards (Bigot, 2007).
Thus, facilitating access to efﬁcient equipment should be backed
up with policy tools to discourage increased use of the equipment,
such as progressive tariffs. This tool would have the advantage of
enabling everyone to meet their basic needs while limiting the
impact of the income thus released and moving towards a
genuine reduction of CO2 emissions.
With regard to high incomes, there appears to be a very small,
even non-existent increase in such expenditure in line with
income. We can thus expect almost zero rebound effect in the
event of increased efﬁciency of equipment. But the problem lies in
the fact that households do not seem always interested in
efﬁcient products, it is especially the case for refrigerators or
washing machines. Indeed when the budget share dedicated to an
item is low the motivation to make energy savings would
necessarily be limited. In order to deal with this lack of motiva-
tion it would therefore worth establishing minimum standards in
term of energy efﬁciency. Furthermore, even if these households
are interested in energy efﬁcient products their choice is guided
by other criteria that may be at least as important as energy
efﬁciency (Mahapatra and Gustavsson, 2008; Clochard et al.,
2008). Then a solution may consist to associate energy efﬁciency
with attributes sought by households, such as simplicity, aes-
thetic or comfort. One way to achieve this goal may be to impose
a quota on energy efﬁcient equipments sales to manufacturers.
They would then be motivated to associate energy efﬁciency
criterion with attributes sought by households.
Table 4
Multi-linear regression for speciﬁc electricity consumption.
Variable definition Estimate Pr49t9
Useful living area m2 15.4 o0.0001
Number of people 392.6 o0.0001
Number of appliances 104.1 0.0030
No independent freezer 188.2 0.0385
No clothes dryer 158.1 0.1051
No dishwasher 231.7 0.0155
15 The questionnaire comprised items relating to rational truth and irrational
truth values in addition to the traditional items used by Schwartz.
16 For more details of the multi-linear regressions, see Appendix B.
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Nevertheless the impact of a carbon tax may also be limited as
there is a set of practices relating to daily energy management that
is not subject to income constraint, but is rather connected with
social norms or cultural aspects. The adoption of these energy
management practices, however, represents an important source
of energy savings. This potential could be addressed with the help
of awareness-rising campaigns and an emphasis on ‘‘good’’ prac-
tices in order to change household behaviour. Nevertheless, these
practices are rooted in a complex socio-cultural context and the
message sent to households by these campaigns should target
each kind of practise and each kind of household. General
information campaigns seem to be ineffective (Abrahamse, 2007).
It would be also important to note that policies based on
collective choice may be complementary tools to reduce CO2
emissions. In fact, some investment decisions have to be made at
collective scale. For instance, in the residential sector the refurb-
ishment of ﬂats is decided by a joint ownership and in the
transports sector, the establishment of new collective transports
is decided on the basis of collective needs for transportation.
Moreover some initiatives to promote behavioural changes are
more effective when they are carried out collective rather than
individual level, as work done on community-based social mar-
keting tends to prove (McKenzie-Mohr, 2000).
Finally, this study gives some insights about pertinent and
complementary policies to establish, as it deals with different
aspects of income role in household behaviour. It also provides
insights in order to adjust policies to each kind of households.
Furthermore, this study would also be very helpful to quantify
household behaviour in long-term energy models, such as MAR-
KAL/TIMES models, and to address the problem of household
heterogeneity both in purchase of equipments and in daily energy
consumption.
Appendix A. Method of estimating heating consumption from
declared bills
We used a regression methodology developed by CEREN
(2007) for hot water (HW) and cooking end-uses. For other
speciﬁc electricity end-uses17 we ran a multi-linear regression
(R2¼0.81) among the households on our panel (N¼348) that
employ electricity only for these uses (Table 4).
Table 5
Importance of variables in explaining behaviour grades.
Variable definition Scale for variable Intensity R2¼0.19 Management R2¼0.05
Pr49t9 Estimate Pr49t9 Estimate
Intercept o0.0001 2.146 o0.0001 1.801
Type of housing—house 0–1 0.0013 0.032 o0.0001 0.041
Income decile 1–10 o0.0001 0.023 0.8529 0.000
Age 1–4 o0.0001 0.046 o0.0001 0.0697
Presence of children 0–1 o0.0001 0.073 0.0271 0.016
Family is a couple 0–1 o0.0001 0.089 0.1836 0.013
Area type—rural 0–1 0.0280 0.043 0.2167 0.020
Area type—exurban 0–1 0.1140 0.025 0.3370 0.024
Area type—suburban 0–1 0.3110 0.009 0.7705 0.017
Ownership status—owner 0–1 0.0450 0.023 0.6318 0.004
Self-transcendence vs self-enhancement valuesa 1.7–4.8 0.1319 0.030 o0.0001 0.050
Openness to change vs conservative valuesa 3.3–3.5 0.1822 0.013 0.0002 0.018
Bold corresponds to variables with signiﬁcance level o0.01.
a For detailed explanation about these indicators refer to Wach and Hammer (2003).
Table 6
Descriptive statistics about data used from the survey.
Income
decile






1 125 736 902 113 897 888
2 176 657 940 157 916 971
3 232 638 911 239 850 947
4 244 669 967 259 895 1229
5 256 873 1120 274 1001 1375
6 202 633 1090 222 1262 1470
7 149 853 1219 161 1475 1542
8 216 1012 1199 232 1340 1562
9 109 1069 1416 126 1282 1711
10 56 1133 1603 69 1115 1640
Long distance travels expenditure Service factor for space heating
1 144 655 297 64 0.37 0.55
2 200 1452 658 92 0.57 0.66
3 270 1559 777 109 0.41 0.62
4 276 2102 1052 125 0.60 0.71
5 286 2244 1181 154 0.55 0.76
6 230 2896 1465 130 0.64 0.81
7 163 3188 1817 88 0.58 0.82
8 235 4152 2719 127 0.48 0.80
9 126 5736 4454 96 0.66 1.00
10 69 6382 4479
Intensity grade Management grade
1 137 0.38 1.91 137 0.37 1.88
2 198 0.40 1.89 198 0.35 1.83
3 260 0.43 1.95 260 0.36 1.86
4 270 0.44 2.10 270 0.37 1.90
5 278 0.45 2.14 278 0.36 1.91
6 229 0.47 2.22 229 0.36 1.86
7 162 0.45 2.21 162 0.37 1.88
8 229 0.46 2.25 229 0.38 1.87
9 124 0.41 2.28 124 0.38 1.80
10 69 0.49 2.33 69 0.37 1.90
Amount for space heating Amount for refrigerator
1 64 972 697 53 87 130
2 147 973 809 149 91 124
3 165 1144 961 187 86 105
4 139 1073 984 209 83 107
5 91 987 1002 120 83 95
Amount for vehicle Price for next vehicle
1 122 940 770 260 4550 8436
2 171 754 766 470 5626 10,877
3 146 566 653 471 5747 12,744
4 114 665 622 378 6369 14,608
5 53 664 805 181 7450 17,443
17 This includes lighting, cooling, cleaning and multimedia end-uses for
instance.
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We then deduced the space heating energy consumption SH








a: estimated with CEREN methodology; b: estimated with a
multi-linear regression ran on survey panel
Appendix B. Results of regressions carried out to explain the
energy intensity and management scores
Table 5 below shows the t-values for the two multi-linear
regressions aimed at explaining the intensity score and the
management score and the values of the associated coefﬁcients.
We can consider that the variable plays an important role if its
coefﬁcient is high with respect to the range of variation of the
value taken by this variable and if its t-value is small, which
means that its impact is statistically validated.
Appendix C. Statistics on data used from the survey
Table 6 presents some descriptive statistics about the data
used in this paper: size of the sample, average value and standard
deviation per income decile or income quintile.
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1Long-term planning and the sustainable power
system: a focus on ﬂexibility needs and network
reliability
Nadia Maı¨zi, Vincent Mazauric, Edi Assoumou and Mathilde Drouineau
Abstract—Long-term planning models are useful to describe
future energy and technology options and to analyze environ-
mental issues. They propose solutions for meeting future energy
consumption. Focusing on the electricity sector, we argue that
in order to provide a more relevant assessment of the power
supply system ahead we need to tackle both flexibility needs and
network reliability.
On the one hand, flexibility is integrated in long-term planning
models as an additional criterion for new investment decisions: it
allows electricity generation capacity with short start-up periods
to be part of the mix to satisfy peak demand, despite their
higher marginal costs in comparison with the cost of base load
technologies.
On the other hand, and in order to assess network reliability,
a suitable representation of dynamic dissipative processes over
the electrical network is necessary. We introduce the notions of
conveyance and reliability losses and their qualitative impacts
on power transmission. We propose a methodology to exhibit
the level of losses associated with a given level of reliability,
whether generation capacities are centralized or decentralized.
Our methodology is based on a thermodynamic description of the
electric system and lumps it into a “one-loop grid”. It provides
a figure for the amount of reactive power and kinetic reserve
needed to ensure network reliability and face admissible load
fluctuations.
Keywords: — Energy planning. Thermodynamics. Electrical
power. Transmission grid. Optimization —
I. INTRODUCTION
Electricity is a very convenient way to deliver huge amounts
of power in areas where demand is concentrated. Due to
the predicted population densiﬁcation, electricity consumption
is set to signiﬁcantly increase over the next decades. The
International Energy Agency has estimated that US$ 10 trillion
US will be spent during the next thirty years on the generation,
transmission and distribution of electrical power, in order
to replace existing capacities in developed countries, or to
accompany the development of energy markets, or to substitute
energy vectors that are less clean or growing scarce [16].
In this context, two essential features challenge forthcoming
changes in the power system: (i) the emergence of different
paradigms for serving electricity than those for which the
system was designed [7]; (ii) the will to improve the energy
efﬁciency of electrical power transmission, given that the
current system clearly lacks efﬁciency (e.g. electrical losses
N. Maı¨zi, E. Assoumou and M. Drouineau are with MINES ParisTech,
Centre for Applied Mathematics,BP no 207, 06904 Sophia Antipolis cedex,
France.
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are twice as high as electricity consumption was in 1950 as
pointed out in [12], and illustrated in ﬁgure 1 for the residential
and industrial sector in the US).
Fig. 1. Residential and Industrial Total Energy Consumption, Major Sources
[12]: electricity use (and related losses) expanded dramatically.
Moreover, the world net generation of electricity increas-
ingly relies on fossil fuels as shown in ﬁgure 2, which implies
a higher impact on the environment due to the level of
greenhouse gas emissions emitted by the electrical sector.
These issues stress the need for assessing future electrical
power systems. Models for energy planning have proven useful
to determine a plausible evolution of the energy sector in
the mid -to long term in the face of strong environmental
pressures, such as carbon mitigation or fossil energy depletion.
Issues such as pointing out the main drivers of the energy
system at a given regional scale, anticipating changes in and
impacts of energy prices, and estimating pollutant emissions,
require models of substitution possibilities throughout the
2Fig. 2. Net Generation by Type, 1980, 1990, and 2005 [12]
whole energy chain. The MARKAL (MARKet ALlocation)
type of technology-rich models provide a partial solution to
this problem [4], [13], [1]. However, in order to assess the
sustainability and robustness of these energy planning model
results, it is necessary to give a suitable description of the time
and space constraints of electricity generation systems.
Spatial constraints relate to the geographical distribution
of the power plants, the structure and availability of the
transmitting network, and the location of demand.
Time constraints relate to the electric current and the man-
agement of the network in order to minimize the variations in
tension and frequency at any time, while keeping the system
within safety limits. After recovering stationary behavior, the
total electric power supplied by the stations must be equal
to network demand. In order to ensure this power balance,
electricity production modes will be chosen for their dynamic
nature and for their location in the network.
In section II, we explore the limit of the actual MARKAL
modeling approach for the electricity sector. Then, section
III presents an augmented MARKAL model that introduces
ﬂexibility as an additional criterion for electricity generation
investments: the choice of power stations relying on a cost
minimization is then tempered by technical constraints.
In section IV, the need for reliability assessment on the
power network is described. In section V, we present how a
methodology based on a thermodynamic approach enables the
description of the power transmission grid in a comprehensive
and synthetic way. Section VI then provides a conclusive
discussion, in which we present how this method can be
adapted to network reliability assessment and implemented in
energy planning models such as MARKAL.
II. LIMITATIONS OF THE LONG-TERM PROSPECTIVE
MODELING
Long-term global prospective models permit the assessment
of multi-sectoral energy policies and are therefore persuasive.
Among these models, MARKAL is a technological model
developed since the mid-eighties [4] under the auspices of
the International Energy Agency [13]. MARKAL, in its basic
version, is a technically optimum model. It relies on an
explicit formulation of the input/output relationships for each
technology and minimizes - over the chosen time horizon and
for a given ﬁnal outcome - the actualized global cost. The
decision variables depend on the choice of the activity level
of technologies, and of capacity investments. The equilibria
of energy ﬂows are generally expressed over the year and
evaluated on total energy rather than on hourly power demand.
MARKAL offers a more detailed description for the electricity
sector, whereby ﬂows are represented as energy units. Speciﬁc
technical constraints [15] are represented in the model:
• Flow equilibrium constraints:
Electricity and heat are represented in more detail in the
model. The time divisions applied to these two energy
vectors are shorter and each period is broken down into
six sub-periods showing the combinations between, on
the one hand, three seasons (summer, winter, interme-
diate), and on the other hand, day and night. The ﬂux
equilibrium equations are then published separately for
each of these sub-periods.
• Peak reserve capacity constraints:
The peak reserve constraint therefore guarantees the
setting-up of a supplementary capacity reserve to show
what level of over-capacity is actually necessary to cope
with high demand periods. In such cases, the user stip-
ulates a global electricity or heat reserve factor. Each
electricity or heat production technology is then repre-
sented by a supplementary coefﬁcient of participation
(of the technology’s capacity) in the realization of the
reserve. This coefﬁcient (from 0 to 1) makes it possible
to differentiate between the contributions of each power
station: typically 1 for nuclear stations, and 0.2 to 0.3 for
wind power stations. The peak equation stipulates that
total production capacity, counterbalanced by the peak
participation coefﬁcients, must be oversized if it is to
satisfy demand (for exports, processes and demand tech-
nologies), and increased by the chosen level of reserve.
The need for ﬂexibility is linked to the structure of the load
curve: installations that run for a relatively long time through-
out the year must be installed and actually used. Therefore, to
satisfy electricity demand, all functioning electricity systems
require, a priori, the installation and effective use of power
stations that can run practically all year, as well as of power
stations that do not run for more than 200 hours per year.
There is a strong link between installation decisions moti-
vated by power dimensioning, and the effective use of these
installations for energy supply. Thus, the need for ﬂexibility
in time management of electricity systems corresponds to a
challenging technical constraint, making it necessary to use
more expensive technologies that can rapidly adapt production
levels to meet consumption.
These ﬂexibility constraints are on the whole largely ignored
in MARKAL models, despite the fact that the requirement for
short-term ﬂexibility calls for long-term investments. Indeed,
and as the MARKAL approach relies on the minimization
of economic criteria [2], which aims to chose an electricity-
system that is economically efﬁcient, the least expensive
method of production is favored. Ignoring ﬂexibility presents
several drawbacks for the MARKAL results in the electricity
sector:
• First, it leads to an over-estimation of the importance of
stations that have low production costs but low reactivity
3on the load curve: this impacts the capacity needs, the
type of technologies chosen, and their level of use.
• The system’s running costs can be miscalculated since,
even with identical technologies, the constraints of oper-
ating at partial load increase the costs of meeting with
demand (slower amortization, the need to use a greater
number of power stations).
• The consequences of the increased share of intermittent
renewable sources in the power generation mix are not
fully handled. In France, the theoretical potential is
estimated at 66 TWh for 30 GW of onshore wind power
and 97 TWh for 30 GW of offshore wind power. As
development of these reserves increases, there will be
a greater need for more ﬂexibility. The feasibility of
scenarios ﬁguring a low share of thermal production and a
large share of wind or solar power is questionable. On top
of that, intermittent sources call for thermal production
capacities. As these plants are the only direct sources
of greenhouse gas emissions in the electricity sector,
they counterbalance the expected potential for reducing
emissions attributed to renewables. Thus, this should be
revised in order to better assess the level of carbon
dioxide emissions.
For all these reasons, ﬂexibility has to be integrated as a
constraint within the model’s framework.
III. AN AUGMENTED FLEXIBLE MARKAL MODEL
This approach, applied to the French case in [9], where the
electricity sector is dominated by nuclear power, quantiﬁes the
average production needs for several speciﬁc operating modes,
such as semi-base load or peak, and then introduces ﬂexibility
as one of the model’s selection criteria. Technological choices
are differentiated for each mode, and the ﬂexibility criterion,
deﬁned globally, does not depend on short time divisions for
the model’s equations. Its quantitative assessment, relies on a
time analysis that is both shorter and easier to put into place
outside the model. The pre-existent mechanisms that are
speciﬁc to electricity are conserved. MARKAL’s philosophy
of linear programming through constraints leads to a natural
tendency to be guided by constraints.
The results of this augmented MARKAL model applied
to the French electricity system are given for fossil plants
(ﬁgures 3 and 4), which are power plants that are very sensitive
to dynamical features. The two ﬁgures compare the actual
installed capacities used in the power production process.
The standard MARKAL model installs power stations such
as gas or fuel turbines (for the capacity reserve), but hardly
ever uses them for electricity production, as shown by the
results given in ﬁgure 4. Power stations are preferably used
over long periods of time and therefore have a base load type
proﬁle.
Conversely, the ﬂexible approach illustrated in ﬁgure 3 se-
lects, for instance, oil power plants, which are very expensive
but essential for responding to peak demand. The augmented
MARKAL model makes more plausible the electrical system
resulting from the optimization.
Fig. 3. Fossil plant production 2000-2030: a ﬂexible MARKAL approach
This comparison demonstrates that when ﬂexibility is not
properly handled, the results issued from MARKAL reﬂect a
minimal (under-constrained) condition to satisfy global elec-
tricity demand. Thus it fails to address properly the questions
related to environmental issues, and namely the level of carbon
emissions - except for regions where the base load mix is
dominated by fossil fuels. This carbon level depends in France
on the precision of the thermal production assessment [9].
Regarding these results, ﬂexibility appears to be a key
parameter for reaching a better representation of the electricity
generation system and consequently achieving sustainable
systems. In fact, this issue of ﬂexibility has led to difﬁculties
in forecasting an elelectric system that translates the need for
enough installed capacities in order to both (i) satisfy electric
demand and (ii) roughly follow the load curve. Flexibility is
a step towards forecast generation shares for which installed
capacities are well-anticipated.
Next to this crucial need for ﬂexibility also stands the
question of reliability of supply structures. In the following
section, we focus on the description of dissipative processes
through the network, because losses over the network need to
be balanced by greater investments in generation capacities.
This second issue on reliability also tackles the dimensioning
of the electrical power system, and proposes a complementary
path to reach sustainability.
IV. THE CRUCIAL NEED FOR ASSESSING
RELIABILITY-INDUCED LOSSES IN THE ELECTRICAL
NETWORK
When comparing different technological options that satisfy
the same electric demand, one should also assess the quality
of the delivered electricity. This is deﬁned by both:
• the continuity of electric power supply, related to the
occurrence of power outages, deﬁned as a large-scale
disruption in electric power supply;
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• the quality of the delivered electric power, which means
that the signal’s voltage and frequency must remain be-
tween contractual bounding values. When electric power
is delivered outside these bounding values, both produc-
ing and consuming equipments on the network may fail
to perform correctly or disconnect.
Thus, to provide relevant comparisons between future electri-
cal systems, these losses should then be assessed properly, and
plausible alternatives must rely on an accurate description of
these losses. We deﬁne two kinds of dissipative processes on
the electrical network: conveyance and reliability losses.
Conveyance losses are losses that occur during power trans-
mission through the network. They mainly depend on whether
or not the transmission grid is congested, on the voltage
level, or on the network architecture. They can be assessed
from the duration of peak, semi-base or base loads. When
production capacities are centralized, transmission takes place
through longer distances, and conveyance losses may increase,
despite high voltage lines. In fact, for a given geographical
distribution of loads and generators, the more the meshing
of the grid increases, the more the Joule losses decrease, the
voltage proﬁle improves and the system becomes more stable.
Besides, if the installed generation capacities increase, the
power system also has similar beneﬁts.
Conversely, reliability losses are linked to the desired level
of reliability. This level depends both on the load of the
grid and on the admissible load ﬂuctuation, deﬁned as the
maximum loss of generation capacities the electric system
must overcome. To face these ﬂuctuations, the system relies on
reactive power and kinetic reserve (i.e. automatic adjustments
in voltage and frequency) to recover a stable state in the
system, before any control action on active power can occur,
which would request the spinning reserve. When production
capacities are distributed on smaller and less hierarchically
organized grids (e.g. decentralized), reactive power and kinetic
reserve management is critical to ensure a given reliability
level: each grid relies on fewer generation capacities, without
counting on capacities from a large-scale system. Reliability
losses are related to the dynamic management of the system,
but can hardly be compressed if the desired level of reliability
remains constant.
To summarize, the balance between these conveyance and
reliability losses is highly dependent on energy generation
shares and the associated network architecture. In fact these
two kinds of losses take place in the same system and therefore
it is difﬁcult to allocate them.
V. TOWARDS A THERMODYNAMIC APPROACH TO THE
ELECTRICAL SYSTEM
Basically, thermodynamics assumes that the steady-state of
any system is obtained from the maximum-entropy principle,
keeping the macroscopic information on the system including
the positions of the moving bodies X, the internal energy U ;
and, in the speciﬁc context of electromagnetism, the magnetic
ﬂux Φ and the electric charge Q squeezed from the earth [8]
as shown ﬁgure 5.
Fig. 5. Chart of the energy exchanges between the various subsystems
involved in the thermodynamic framework. While current generators and mov-
ing parts can only exchange work with the electromagnetic ﬁeld (respectively
through a current variation and a modiﬁcation of the boundary conditions on
the magnetic moving parts), the thermostat can only receive heat from the
other sub-systems.
Besides, thermodynamic assignment should also include an
explanation of non-equilibrium conditions and actual processes
enforced by some coupling variations, since equilibrium is
merely an ideal limiting case of the behavior of matter.
Through enforcing an isothermal evolution thanks to the
contact of the system with the thermostat at temperature T,
two cases - summarized in the second principle - may be
considered in order to remain coherent with the maximum-
entropy principle checked by any isolated system. First, the
evolution does not modify the entropy of the isolated system
[11]. Such an evolution is said to be reversible and involves
only work exchanges, through sufﬁciently smooth variations
of the energy couplings, namely:
• the mechanical power exchanged between the actuators
Pmech =
∑
F·V where V = dXdt is the velocity of the
moving body X (e.g. the rotor) experiencing the external
force F; and, in the speciﬁc context of electromagnetism,
• the electromagnetic coupling variation
d(ΦI+QV0)
dt
where I is the net current exciting the electromagnetic
ﬁeld (e.g. the excitation in a synchronous machine), and
V0 the earth voltage.
On the other hand, the evolution increases the entropy of
the isolated system, so that some amount of work exchanged
5between actuators is lowered in heat during the process: such
an evolution is said to be irreversible.
Despite some improvements summarized in [3] for the
steady state regime, thermodynamic approaches to electromag-
netism do not consider any extensions toward time-varying
regimes. In the following, a thermodynamic interpretation of
Faraday’s Law within the quasi-static approximation is given,
giving physical sense to the former variational presentation
[6].
The first principle conveys energy conservation and reads
dU
dt
= Pmech − TdSth
dt
Hence the irreversibility experienced by the system coupled
with its thermostat may be discussed from the Helmoltz free-












where the RHS matches the power lowered in heat by the
whole system, commonly known as the Joule losses PJoule.
According to the second principle, this term is always pos-
itive and the lower the Joule losses, the more reversible
the evolution. In order to take explicitly into account the
inertial behavior of the electromagnetic coupling (Lenz law),
it is convenient to introduce the so-called Gibbs free-energy














As a matter of fact, Faraday’s Law is achieved by enforcing
the condition of reversibility expressed from the Gibbs free-
energy (2), whereas the condition obtained from the Helmoltz
free-energy (1) restores only the direct current ﬂow behavior
and underestimates actual losses [10]. This reversible interpre-
tation of Faraday’s Law gives new insights and raises issues
on improving the energy efﬁciency of the electrical system as
a whole, and is very promising for further investigations:
• Globally, expressing the reversibility condition (2) over
the electromagnetic energy coupling variations prevents
tremendous Joule losses and therefore mitigates any load
ﬂuctuation. This striking property offers a way of recover-
ing the stability of the network by delaying and softening
the impact of the ﬂuctuation.
• Locally, the reversibility condition (2) addresses a multi-
scale description from the very deep structure of material
to the network. While the former allows to agregate
properly the losses over the system, the latter provides
the electrical power density as the local variation between
the LHS and the RHS in (2). Hence, a decentralized
network favors smooth electrical power density whereas
a centralized network exhibits a rough proﬁle.
To summarize, the equilibrium condition in (2) provides a
true optimization of the power transaction between producers
and consumers on the electric system, for a set of state
variables. The best transaction results from a compromise
between the minimization of (i) the Joule losses and (ii) the
variation of electromagnetic coupling energy. (The variation of
the electrostatic term QV0 in (2) is negligible when studying
the whole electricity network.) Acting as a stock in this
description, the electromagnetic coupling energy is related
to reactive power and subsequent reliability. This coupling
energy enables electromechanical conversion and transmission
throughout the network and ensures network reliability, but
requires maintaining the excitation current in compensation.
VI. CONCLUSION
In order to assess a sustainable power generation system,
space and time constraints have to be considered.
On the one hand, ﬂexible features of electricity are handled
using an improved version of the MARKAL model.
On the other hand, the thermodynamic approach applied to
the transmission power system leads to a suitable description
of losses related to reactive power and kinetic reserve manage-
ment to ensure network reliability. Thanks to (2), the network
can be studied as a one-loop system, as far as one has access
to the state variables that characterize this system and its evo-
lution. This one-loop description comes down to a schematic
network gathering the properties of the whole electric system.
Two relaxation time constants are exhibited when applying
both (2) and the mechanical energy conservation equation.
They are, by order of magnitude, related to the variation with
time of the reactive power and of the kinetic reserve. To ensure
the stability of the system, they should both occur before the
automatic adjustments and the spinning reserve. With knowl-
edge of the load of the system, these relaxation time constants
are respectively bound by the admissible variations of voltage
and frequency, under normative load ﬂuctuations (i.e. the level
of reliability). Basically, these constants are related to the
amount of electrical steel, rotating mass, inductive components
on the network and the excitation of generators.
These results, added to the level of conveyance losses,
explicitly depend on the shares of electricity generation. The
implementation of these results in a long-term planning model
such as MARKAL is in progress.
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Brevet [46] relatif au chapitre 4
prospective et vecteur e´lectrique
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Re´sume´
Ce me´moire illustre la diﬃcile de´clinaison du paradigme de l’optimalite´ lors de sa confron-
tation aux principes de re´alite´ de syste`mes toujours plus complexes.
Apre´s avoir re´capitule´ l’expe´rience de recherche acquise a` travers des contributions varie´es,
qui nous emme`nent de proble`mes de controˆle en dimension inﬁnie a` des applications dans
les domaines du spatial, de l’e´nergie et de l’automobile, les de´veloppements spe´ciﬁques en
matie`re de prospective long terme seront l’objet d’une attention particulie`re.
Ainsi, le credo que l’optimalite´ est un canevas ne´cessaire pour envisager les enjeux d’une
mode´lisation du long terme sera de´fendu, soutenant l’ide´e que cette approche devra rester
centrale dans nos perspectives de recherche.
Mais dans la tradition d’une formation ”`a la franc¸aise”, cette re´ﬂexion ne saura eˆtre mene´e
sans revenir au pre´alable sur les grands principes sous jacents a` l’optimalite´ et leur liaison
naturelle avec l’e´tude des syste`mes dynamiques.
Abstract
This work illustrates the diﬃculty of implementing an optimality paradigm while dealing
with increasingly complex systems to address real world issues.
After summing up research experience acquired from varied sources, taking us from inﬁnite
dimension control issues to applications in the ﬁelds of space, energy and the car industry,
we focus on speciﬁc developments in long-term issues.
As a result, we defend our conviction that optimality provides a necessary framework for
anticipating the challenges of long-term modeling, and maintain that this approach must
remain central to our research perspectives.
However, in line with our French mindset and education, we consider that a discussion of
this kind starts with a look at the major principles underlying optimality and their natural
link with the study of dynamic systems.
